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Abstract
PEO-PPO-PEO surfactant mixtures as templates for silicas with very large cylindrical mesopores
at ambient temperature and with helical mesopores at sub-ambient temperature
by
Laurance Beaton
Advisors: Dr. Michal Kruk
Dr. Nan-Loh Yang
The original research described herein concerns the synthesis of mesoporous silicas through a
surfactant-templating method. The approach taken involved the use of a mixed surfactant system
of two poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) surfactants, with one of
the copolymers containing a much larger percentage of hydrophobic (PPO) blocks than the
employed co-surfactant. Systematic adjustments of experimental parameters initially enabled the
preparation of 2-D hexagonally ordered mesoporous silicas (SBA-15) of uncommonly large pore
diameter at ambient temperature. Comparable silica was synthesized with and without
temperature control. Additional adjustments to experimental parameters, including reduction of
the relative amount of framework precursor used in the synthesis, led to the synthesis of
counterpart single-micelle templated silica nanotubes of record pore size at ambient temperature.
The pores sizes of the silica nanotubes were able to be tuned by adjustment of the volume of
swelling agent added during synthesis, and synthesis was possible without temperature control
and at several fixed temperatures around ambient temperature. A remarkable development in the
described study of the mixed surfactant system was the discovery of a facile method for
iv

production of hollow helical silica structures with large inner pore spaces at considerable scale.
These structures have only been attainable in the past at high expense, and presumably in limited
quantities.
Chapter 1 of the dissertation contains some background and a brief review of several relevant
topics such as the ordered mesoporous material SBA-15, silica nanotubes, and inorganic helical
structures. The second chapter elucidates the impetus and rationale behind the research, and the
initial synthesis strategy utilized. The main body of the research is divided among the next three
chapters, with Chapter 3 detailing the synthesis and characterization of ultra-large-pore SBA-15
at ambient temperature, Chapter 4 describing the synthesis and characterization of very large
pore silica nanotubes at room temperature, and Chapter 5 examining the synthesis and
characterization of helically wound silica nanotube structures. The final chapter summarizes the
original research detailed in the previous chapters.
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Chapter 1 Introduction
1.1. Brief Background of Ordered Mesoporous Materials
Microporous molecular sieves such as aluminosilicate zeolites have been synthesized and studied
since the early part of the 20th century.1 Properties of the various microporous molecular sieves,
such as high surface area, pore structures and tailorability have made them desirable for multiple
uses, including as adsorbents, in catalysis2-3, and as chemical sensors4. However, limitations in
the pore sizes of these materials led to efforts to discover ways to increase the accessible pore
sizes, eventually leading to the synthesis of new ordered materials with pores in the mesoporous
range. Mesoporous materials have long been classified by the International Union of Pure and
Applied Chemistry (IUPAC) as materials containing pores between 2 nm and 50 nm in width,
while microporous and macroporous materials are designated as having pores less than 2 nm and
greater than 50 nm in width, respectively.5-6 Ordered mesoporous materials have ordered pore
systems with uniform pore sizes. The first documented synthesis of an ordered mesoporous
material is a 1971 patent which was specifically concerned with producing low density silicas
with uniform and reproducible bulk densities and gives no indication that the patent holders had
ascertained the ordering of the mesopores.7 The properties of these materials were elucidated
over a quarter of a century later, when Di Renzo, Cambon, and Dutartre duplicated and
characterized one of the syntheses from the patent and discovered that the obtained mesoporous
material had hexagonally arranged pores with long range ordering.8
At the time that the structure of the material from the 1971 patent was finally revealed, such
ordered mesoporous material was already commonly known. In 1990, Kuroda’s group reported
synthesis of mesoporous silica with controllable pore size and narrow pore size distribution
formed through condensation of the layered polysilicate, kanemite, during ion exchange with
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alkyltrimethylammonium ions.9-10 Although the synthesis was later refined, producing
hexagonally ordered mesoporous silica designated FSM-1611-12, the initially synthesized material
was inferred to be somewhat disordered9, 11, and although specifically mentioning the pore sizes
and distributions, the authors make no claim to having synthesized ordered mesoporous
materials.9-10 Consequently, the introduction of a “new family” of ordered mesoporous silicates
and aluminosilicates, synthesized by workers at Mobil Research and Development Corporation
and reported in 199213-14, is generally recognized as the first substantiated description of ordered
mesoporous materials and the impetus for a profusion of ensuing research and development in
the field of ordered mesoporous materials. This group of materials, designated M41S and
including the subsequently widely investigated 2-D hexagonally ordered MCM-41 with
tailorable pore sizes, was synthesized by a templating method using quaternary alkylammonium
surfactants.13-14 The pore sizes of the MCM-41 were reported to range from 1.6 – 10 nm, and
were found to increase as the chain length of the surfactants increased, as well as with the
addition of an auxiliary organic compound (swelling agent): 1,3,5-trimethylbenzene (TMB).13-14
However with pore sizes above 4 nm, procured with the addition of swelling agent, the ordering
of pores was found to decrease with increasing size.13 15 Other members of the family of
materials included a 3-D cubic and a 1-D lamellar material, illustrated in Figure 1.1.15
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Figure 1.1 Three members of the M41S family of mesoporous
materials. Reprinted from Coordination Chemistry Reviews, 319,
Feng, Y; Panwar, N; Tng, D.J.H.; Tjin, S.C.; Wang, K; Yong, K.-T., The
application of mesoporous silica nanoparticle family in cancer
theranostics, 88, 2016, with permission from Elsevier.

Soon after, researchers at University of California, Santa Barbara (UCSB) developed generalized
syntheses of different mesoporous materials with transition metal oxide frameworks, as well as
MCM-41 type materials.16 At the same time, Pinnavaia and researchers at Michigan State
University (MSU) reported derivatives of MCM-41 partly substituted with titanium, and also
reported the first synthesis of mesoporous materials using a primary ammonium surfactant
(dodecylamine).17 They followed this with a 1995 report of a neutral templating route for
mesoporous materials, using various primary amines as surfactants, with the resulting silica
designated HMS.18 That same year, the MSU researchers reported synthesis of ordered
mesoporous materials templated by nonionic polyethylene oxide (PEO)-based surfactants,
including a poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO)
triblock copolymer (Pluronic® L64).19 The report of these materials, which were generally
termed MSU-X, was the first report involving the use of nonionic oligomer or copolymer
surfactants in the synthesis of mesoporous materials; but although the synthesized silicas and
metal oxides had uniform pore sizes up to 5.8 nm, they lacked long range order.19
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1.2. SBA-15
1.2.1. Discovery of SBA-15
Likely expecting that the use of amphiphilic copolymers of increased molecular weight would
lead to an increase in mesopore size, the UCSB researchers developed syntheses of new largepore, well-ordered and thermally stable mesoporous silicas (and metal oxides) of various
morphologies.20-22 First reported in 1998, the morphologies included 2-D hexagonal, 3-D
hexagonal, cubic, and lamellar; synthesized through use of alkyl PEO oligomers and poly(alkylene oxide) copolymers.21-22 Perhaps the most interesting, and subsequently extensively
studied, were those labeled SBA-15; well-ordered mesoporous silicas comparable to MCM-41,
with large, hexagonally ordered cylindrical pores. These were primarily synthesized with PEOPPO-PEO polymers (commercially sold as ‘Pluronic®’) as templates, and were declared to have
pores up to 6 nm without use of a swelling agent, and pores over 30 nm with the use of 1,3,5
trimethylbenzene (TMB) as a pore expander.21
1.2.2. Structure of SBA-15
The structure of SBA-15 is represented diagrammatically in Figure 1.2. The symmetry of SBA15 is analogous to MCM-41, consisting of cylindrical mesopores in a 2-dimensional hexagonal
arrangement. However, SBA-15 differs in part from MCM-41 in that it typically has larger pore
sizes, thicker pore walls, and greater hydrothermal stability.21, 23 SBA-15 also contains
micropores24-27, formed from integration of the silica source within the hydrophilic regions of the
micelles19, 25-26, 28, and which were shown to lead to connectivity among the pores of the material,
making SBA-15 truly unique from MCM-41.25, 27, 29-30 The connectivity between the pores allows
SBA-15 to be used as a hard template in the synthesis of inverse replicas, with the first
successful synthesis of this type being that of an inverse carbon replica.29 As in the case of
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MCM-4131-32, periodic mesoporous organosilica (PMO) analogs of SBA-1533-34 can be
synthesized, expanding the potential applications of the material. The properties and potential
applications for SBA-15 and similar materials can also be greatly expanded through different
types of functionalization35-38 of pore surfaces, with several examples given in section 1.2.5.

Figure 1.2 Structural morphology of SBA-15. (A) 2-D hexagonally ordered cylindrical mesopores with interconnecting
micropores. (B) Front view of hexagonal unit, indicating d100 interplanar spacing, unit cell parameter, and pore
diameter.

The dimensions of SBA-15 material structure are often referenced by reporting of the d100
interplanar spacing, the distance between the d100 oriented planes, determined from X-ray
diffraction. The unit cell parameter, a, which is the distance from the center of one mesopore to
the center of a bordering mesopore, can be calculated from the d100 spacing (a = 1.155d100). SBA15 generally has a large surface area which can be determined from gas adsorption analysis. Gas
adsorption analysis can also provide insight into pore volumes and pore diameter, although often
with some error due to the lack of proper calibration. Unlike the case of MCM-41, with a
relatively consistent wall spacing between adjacent pores, the pore wall thickness in SBA-15 can
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be highly variable. The pore wall thickness of SBA-15 can theoretically be established based on
the unit cell parameter and the pore diameters, keeping in mind however, that the aforementioned
possible errors in the evaluation of pore size can lead to an inaccurate calculation.
1.2.3. Pore sizes of SBA-15
Soon after the original synthesis of SBA-15, it was disclosed that after a certain small quantity of
TMB is added during synthesis to increase the pore size, an additional quantity of the swelling
agent leads to a change from SBA-15 structure to that of a mesostructured cellular foam (MCF),
making the maximum pore diameter realistically around 12 nm for well-defined SBA-15
material synthesized by this method.39-41 Over the next few years, various reports of SBA-15
with pore sizes greater than 12 nm lacked substantial evidence or reproducibility to validate wellordered material.42-44 In 2000, Feng et al. first reported successful synthesis of 2-D hexagonal
periodic mesoporous silicas with tailorable pore size by a direct templating method, using PEOPPO-PEO copolymers and alcohols as co-surfactants.45-46 They were able to correlate increased
unit-cell and pore size with increased chain length of the alcohols (which acted as enhanced
swelling agents), and increased pore wall thickness with increased size of the hydrophilic
segment of the PEO-PPO-PEO copolymer used.45 Although they reported interplanar spacings
(d100) as high as 16.8 nm, pore sizes greater than 11.6 nm were not reported, and based on
calculated pore wall thickness, it seems that the only synthesis that might have had pore size
greater than 12 nm (possibly around 14 nm) would have been from the system with hexanol
added.45-46 The authors state however, that long range ordering of the systems with hexanol was
lacking compared to those systems with shorter chain alcohols.45 Sun et al. were first to
successfully use various short chain alkanes (6 – 9 carbons) as swelling agents to synthesize
highly-ordered SBA-15 with controllable pore sizes.47-48 In 2005, they reported pore sizes over
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15 nm (d100 of 14.2 nm) and found that shorter chain alkanes produced larger pore sizes,
attributed to the solubilization behaviors of the alkanes in the PPO cores of the micelles.47 They
further proposed that careful control of the synthesis temperature was the key to obtaining
highly-ordered material, instead of MCFs that other groups48 had obtained using short chain
alkanes as swelling agents.47 The following year, Lin et al. reported synthesis of ordered
hexagonal silica with d100 spacings as high as 16.5 nm, using various PMA-PEO-PMA triblock
copolymers (where PMA is poly(methyl acrylate)) as templates.49 They found that the pore sizes
of individual silicas increased with increase in the size of the hydrophobic PMA blocks of the
template.49 Some of the adsorption isotherms provided are not characteristic of SBA-15 type
silicas, suggesting some differences in structure from typical SBA-15.49 Interestingly, the authors
claim49 that “(t)here is no report on mesoporous silica templated by” amphiphiles with the
hydrophilic segment in the center, although they reference the original SBA-15 work21-22 which
discusses synthesis of hexagonally ordered silica synthesized using PPO-PEO-PPO (with PEO
more hydrophilic than PPO) as template.21-22, 49 Reported in 2009, Cao et al. used diblock
copolymers (PEO-PMA) to synthesize SBA-15 with interplanar spacings ranging from 13-17 nm
and nominal BJH pore diameters up to around 20 nm, with synthesis conditions and block sizes
of the copolymers having key effect on the interplanar spacing.50 Later in 2009, Johansson,
Córdoba, and Odén reported SBA-15 sheets with accessible large pores running perpendicular to
the short dimension of the sheet, synthesized using an excess of heptane as a swelling agent.51
The silica had a unit-cell parameter of 19.3 nm, and pores with a nominal (KJS) diameter of 20
nm (17.5 nm estimated from TEM images).51 Also in 2009, Cao, Man, and Kruk reported
synthesis of ultra-large-pore SBA-15 (ULP-SBA-15) with pore sizes up to 26 nm and (100)
interplanar spacings up to 26 nm at low temperatures using triisopropylbenzene (TIPB) as
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swelling agent.52 They were able to obtain ordered material of such large pore size by deducing
that a swelling agent with moderate uptake into micelles would lead to better control of the
swelling action and thus larger pore sizes, while avoiding loss of structural homogeneity that can
result from excessive swelling.52 An improved synthesis was reported by Cao and Kruk in 2014,
yielding (100) interplanar spacings as high as 30 nm.53 In 2017, Farid and Kruk reported low
temperature synthesis of ULP-SBA-15 with (100) interplanar spacings of 33 nm, using a mixture
of two Pluronic® copolymers with very different relative fractions of PPO.54
1.2.4. Synthesis of SBA-15
1.2.4.1. General synthesis

Perhaps the most versatile, and certainly the most widely used method for synthesizing ordered
mesoporous materials, including MCM-41 and SBA-15, is the “soft templating” method.
Conceptually, this method involves the condensation of an inorganic framework around a
supramolecular template with subsequent removal of the template. The template consists of
micelles of amphiphilic organic molecules typically referred to as surfactants or structuredirecting agents (SDA), that subsequently aggregate with an inorganic species. The source of the
inorganic species is primarily referred to herein as a ‘framework precursor’. After condensation
of the inorganic species around the template, the template can generally be removed through
prolonged high temperature treatment (typically under air) or solvent extraction. If the
framework is stable, for example sufficiently cross-linked, the inorganic frame retaining the
general morphology of the template and with void spaces (pores) in place of the surfactant
molecules can be retained. Upon removal of the template, there is frequently a shrinkage (which
can be extensive) of the framework.
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The original synthesis of the MCM family of silicate and aluminosilicate materials was carried
out in basic aqueous solution using quaternary ammonium compounds as templates and various
silica sources as framework precursors, with size of the pores controlled by the length of the
surfactant chains or the addition of a swelling agent (TMB).13-14 The proposed mechanism was a
liquid crystal templating (LCT) system.13-14 In the case of MCM-41, the surfactants were thought
to form rod-like micelles that either: (1) aggregated into a liquid crystalline hexagonal array
independently with subsequent condensation of silica or (2) cooperatively formed the hexagonal
array with the silicate species, as illustrated in Figure 1.3.13 Although the feasibility of the former
mechanism has been demonstrated55-57, the concentrations of surfactants originally used were too
small to enable an actual liquid crystal formation58-59, and thus the synthesis occurred by some
version of the latter mechanism. This pathway, also known as cooperative self-assembly (CSA)
is the general mechanism exploited in the synthetic methods described here, and the resultant
morphology and characteristics of the synthesized material is dependent on numerous factors,
such as pH, temperature, nature and concentrations of surfactant and framework precursors, and
addition of auxiliary compounds.13, 22, 42, 60-63
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Figure 1.3 Two proposed templating pathways: (A) Cooperative self-assembly, (B) liquid crystal templating.
Reprinted with permission from Wan, Y; Zhao, D. Chemical Reviews 2007, 107, 2823. Copyright 2007
American Chemical Society.

In basic media such as that used in the original synthesis of MCM-41, the surfactant with its
cationic head group (ammonium) serves as a structure directing agent (SDA) interacting with the
negatively charged inorganic silica species, forming a hybrid structure.13, 64 Mesoporous
materials have also been synthesized using anionic surfactants with aminosilane species as costructure-directing agent (CSDA)65-66 and, as mentioned in section 1.1, using neutral organic
species18 and nonionic surfactants19. The surfactant and inorganic species can also be both
positively or both negatively charged, with their interactions mediated by halogen or metal ions,
respectively. While the interactions are electrostatic in the case of anionic and cationic
surfactants, in the case of neutral and nonionic surfactants, the primary interaction between
surfactant and silica species is hydrogen bonding (Figure 1.4).18, 64, 67 It should be noted that in
Figure 1.4 the framework precursor in the S+X-I+ interaction is shown as silica based, but this is
highly unlikely in most circumstances as silica lacks enough basicity to have a significant
10

fraction of silanols protonated. However, the interaction is theoretically viable in the context of
co-condensation, or possibly when considering some other framework compositions.

Figure 1.4 Different types of interactions between
surfactants and framework precursors. S+/S-/So/No=
cationic/anionic/neutral/nonionic surfactant; I+/I-/ Io =
cationic/anionic/neutral framework precursor; X- =
mediating halogen; M+ = mediating metal ion. Reprinted
from Advances in Colloid and Interface Science, 189-190,
Pal, N.; Bhaumik, A., Soft templating strategies for the
synthesis of mesoporous materials: Inorganic, organic–
inorganic hybrid and purely organic solids, p. 26, 2013,
with permission from Elsevier.

1.2.4.2. Template

The original syntheses of the SBA-15 and related family of materials were carried out in acidic
solutions, between room temperature and 60 °C, using nonionic surfactant (PEO-PPO-PEO) with
tetraethyl orthosilicate (TEOS) as framework precursor.22 Although SBA-15 type materials have
been synthesized using a variety of other surfactants42, 44-45, 49-50, 68-70, the surfactant used
originally and most commonly used is the commercially available Pluronic® P123. P123 is a
11

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer
EO20PO70EO20, where EO is ethylene oxide, PO is propylene oxide, and the subscripts represent
the approximate number of repeating units in blocks consisting of each species. At room
temperature, the PPO blocks of the copolymer are hydrophobic and the PEO blocks are
hydrophilic. In general, amphiphilic surfactants will form micelles in aqueous solution when the
critical micelle concentration (CMC) is reached. Below the CMC, surfactant molecules
generally arrange at the surface of the solution, with the hydrophilic parts in the aqueous solution
and the hydrophobic parts at the interface or in the air. Above the CMC, micelles are formed,
with the hydrophilic parts dissolved in water and the hydrophobic parts aggregated together to
avoid the water, thus forming a hydrophilic corona and hydrophobic core (as illustrated in Figure
1.5).67, 71 The formation of micelles is an endothermic process72, and CMC for a particular
surfactant is dependent on temperature (with increased temperature generally decreasing CMC73)
and on other species present in the solution74. A closely related characteristic is the critical
micelle temperature (CMT), which is the minimum temperature at which micelles can be
formed, and depends on concentration.75 Usually, higher molecular weight surfactants template
larger pore sizes.63
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Figure 1.5 Simplified scheme for formation of micelles from amphiphilic surfactant. (A)
Surfactant molecule with hydrophobic and hydrophilic parts, (B) formation in aqueous solution
below the CMC, (C) formation of micelles above CMC. Reprinted from Advances in Colloid and
Interface Science, 189-190, Pal, N.; Bhaumik, A., Soft templating strategies for the synthesis of
mesoporous materials: Inorganic, organic–inorganic hybrid and purely organic solids, p. 24,
2013, with permission from Elsevier.

In the case of PEO-PPO-PEO surfactants, higher molecular weight of the PPO block or addition
of a salt can lead to micellization at lower temperature.76-77 Addition of an inorganic salt also
prompts micellization at lower concentrations of surfactant, and can expand possible choice of
surfactant.76 For various reasons, addition of salts can also improve both the short- and longrange ordering of SBA-15 and other mesoporous materials78-80, can influence structural
morphology81-84, can extend synthesis parameters such as temperature range76, 78-80, 85 and pH
range86, and has been shown to influence the extent of microporosity (under microwavehydrothermal conditions)60 and increase hydrothermal stability87. A salt effect, in which a high
ionic strength causes solubility of hydrophilic PEO blocks to decrease in a nonionic surfactant88,
can lead to reduction of CMC and CMT88, thus enabling synthesis of well-ordered materials at
reduced temperatures79, 85. This effect has also contributed to an increase in order of materials
synthesized with relatively large quantities of salts, attributed to an augmentation of interaction
among silicate species and nonionic surfactants.79-80, 85, 89 The influence of addition of Na+ salts
in the Pluronic® P104-templated synthesis of SBA-15 was studied with small-angle X-ray
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scattering and diffraction.69 It was indicated that the salt influences cell parameters and has an
effect on micellar kinetics, enhancing flexibility during formation, leading to improved structural
order.69 It has been found that the type and concentration of the metal cation81, 84 in a salt, as well
as type of anion80, can have an influence on structural morphology. Fluoride ion (F-) is a catalyst
thought to have an effect on both the rate and degree of hydrolysis and condensation of silicon
alkoxides. In some of the cases listed above78, 82-83, 86, it was the addition of small quantities of
Fluoride ion (F-) during synthesis that impacted factors such as structural ordering, particle
morphology, and applicable pH range. Fluoride ion is a catalyst in sol-gel polymerizations,
thought to have an effect on both the rate and degree of hydrolysis and condensation of silicon
alkoxides.90
1.2.4.3. Framework

Zholobenko et al. used small angle neutron scattering (SANS) to study the synthesis of SBA-15
with Pluronic® P123 as surfactant, and determined that initially only spherical micelles of P123
were present, followed shortly by evolution to composite organic-inorganic cylindrical
micelles.91 The final stage, aggregation into a 2-D hexagonal formation, was proposed to
substantiate the CSA mechanism (Figure 1.3 (A)), since the transformation took place only after
association of the surfactant with the silica precursor.91 Thus, at low concentrations of surfactant,
the morphology of the template can be assumed to be dependent on a cooperative assembly of
surfactant and framework precursor. There are several commercially available silica and organosilica sources such as alkoxysilanes and sodium silicate, that have been used as framework
precursors to synthesize mesoporous materials. Ordered mesoporous materials have even been
successfully synthesized with silica obtained from biomass byproducts of agriculture, such as
rice husk92, wheat straw ash93, and other waste ash94. The framework is ultimately formed
14

through the hydrolysis, condensation, and subsequent polymerization of the framework precursor
during the sol-gel process, described in more detail below. In the research described within this
dissertation, all the syntheses employed tetraethyl orthosilicate (Si(OC2H5)4, TEOS) as
framework precursor, as did the original SBA-15 synthesis, and the following discussion will
focus on framework formation with TEOS.
1.2.4.4. Sol-gel process

The sol-gel process is a polymerization that can either be acid catalyzed or base catalyzed and
involves the reversible hydrolysis and condensation of the framework precursor to ultimately
form a gel.95 The framework precursor is a metal or metalloid with several ligands attached, the
most typical being alkoxides with connected alkoxy ligands, such as tetraethyl orthosilicate
(TEOS), which consists of four ethoxy groups attached to a silicon atom.96 The fundamental
steps of the sol-gel polymerization are hydrolysis, in which an alkoxy ligand is replaced by a
hydroxyl group producing an alcohol, and condensation, in which siloxane (Si-O-Si) bonds are
formed with the evolution of either water or alcohol.90, 95, 97 Factors such as pH, temperature,
catalyst and the identity of the framework precursor affect the kinetics of the sol-gel process,
with the ultimate structure of the resulting gel regulated by the relative rates of hydrolysis and
condensation.86, 90, 98 Acid catalyzed processes display more rapid hydrolysis and tend to induce
more linear polymerization, with less branching and fewer siloxane bonds, while base catalyzed
reactions exhibit more rapid condensation with more branching.99-102 For a particular framework
precursor, the nature of the leaving group also affects the rate of the reaction; alkoxides with
larger ligands generally react more slowly100, 103. If surfactants are involved, the cosolvent
character of the alcohol produced during hydrolysis can influence the resultant structure.104
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The rapid first step in the acid catalyzed hydrolysis of TEOS is the protonation of one of the
silicon-bonded oxygens, leaving it with increased positive charge and polarization, while the
second, slower step is the attack on the silicon atom by a nucleophilic oxygen from water,
completing the hydrolysis and generating ethanol and regenerating the hydronium catalyst.90, 98,
100, 105-106

The condensation steps proceed similarly, with a fast initial protonation of a silanol

group followed by a slower condensation, forming a siloxane bond and generating either water
or alcohol.90, 98, 100, 106 The hydrolysis and condensation reactions can occur simultaneously, and
eventually lead to formation of a colloidal suspension.107 Continued condensation leads to
formation of a three-dimensional silica gel as depicted in Figure 1.6, which illustrates the
essential steps of the sol-gel polymerization of TEOS.
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Figure 1.6 The sol-gel process with TEOS as framework precursor: (A) Hydrolysis (reverse
reaction is esterification), (B) condensation (reverse reactions are hydrolysis and
alcoholysis, respectively), (C) polycondensation, 3-dimensional gel formation.

Varying the amount of framework precursor added can lead to structural changes and particle
morphology shifts.62, 108-111 For example, in Pluronic® P123-templated systems, an increase in
TEOS/P123 may result in transition of SBA-15 particles from fiber-like bundles, to mesoporous
columns, to hexagonal slices, to free-standing films.109 In another case, varying ratios of TEOS
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to cetyltrimethylammonium bromide (CTAB) or dodecylamine yielded spherical particles of
MCM-41 type material with controllable sizes between 65 and 740 nm.110 Vartuli et al. produced
various mesostructured morphologies, including hexagonal and lamellar, simply by varying
surfactant/silica concentrations.62 In certain circumstances, increasing the surfactant/framework
precursor ratio can lead to transition from ordered hexagonal or cubic mesoporous material to
individual nanotubes or spheres, described in more detail in section 1.2.
1.2.4.5. Synthesis parameters
1.2.4.5.1.

Initial synthesis temperature

Based on their work with MSU-X silicas, Prouzet and Pinnavaia reported that pore sizes could be
adjusted for nonionic-surfactant-templated silicas by varying synthesis temperature, with
increasing temperatures leading to larger pore sizes.112 The original syntheses of mesoporous
materials were carried out at room temperature or above (exclusive of hydrothermal treatment),
an example being SBA-15, which was typically synthesized between 35-40 °C. Yu et al. were
first to synthesize SBA-15 at low temperature (15 °C), through reduction of CMC and CMT
induced by the addition of large concentrations of inorganic salts such as KCl and K2SO4.79 Sun
et al. later found, in their low temperature synthesis of SBA-15, that it was the presence of
swelling agents that was critical to obtaining ordered mesoporous material under sub-ambient
conditions.47 They proposed that ideal reaction temperature was dependent on the identity of the
swelling agents (in their case alkanes), and that their presence in the micelle cores inhibited
hydration of the PPO blocks of P123, limiting their hydrophilic character and thus lowering the
CMC of the surfactant.47 After SBA-15 was synthesized at low temperature, methods to
synthesize other mesoporous materials such as FDU-12 (ordered spherical mesopores with facecentered cubic symmetry)85 and PMOs at sub-ambient temperatures were independently
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developed, producing some of the largest pore sizes34, 113 obtained up to that time.34, 85, 113-114
These studies showed the existence of an ideal temperature range that would yield the largest
pore sizes that increased with decreasing temperature, and below which loss of order occurred.34,
85, 114

While large-pore (LP)/ultra-large-pore (ULP) silicas of unprecedented pore size can be readily
synthesized at sub-ambient temperatures, the ability to synthesize such materials at room
temperature is beneficial, primarily because the experimental execution becomes more
straightforward. Li and Kruk clearly demonstrated that for FDU-12 silicas synthesized at
decreasing initial synthesis temperature, the most pronounced increase in unit-cell and pore sizes
occurs below the CMT for the surfactant used.63 By using surfactants with higher CMT, they
were able to shift the relevant range of synthesis temperatures upward, producing LP-FDU-12 at
room temperature.63, 75
1.2.4.5.2.

pH

For silicon alkoxides, the sol-gel process is dependent on pH and is typically acid catalyzed or
base catalyzed, depending on the precursors and the desired morphology. The isoelectric point
(the point at which there is no net electrical charge) of silica is affected by the nature of the acid
employed, but is around pH of 2 in HCl.115 Meanwhile, the point at which there is zero surface
charge (the point of zero charge (PZC)) for silica falls somewhere between pH 1-3.90, 116
Adjustment of the pH can thus modify the surface charge and consequently affect the hydrolysis
and condensation of the framework precursor.117 Above pH 7, there is significant ionization of
silica, and its solubility is very high.90 Below pH of 2, the condensation rate is proportional to the
concentration of H+, while above pH 2, the condensation rate is proportional to the concentration
of OH-.90, 116 For silicon alkoxides, the condensation rate is at its highest around pH 7 and at its
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lowest around pH 2, while rate of hydrolysis is minimized at pH 7 but has exponential increase
above and below neutral pH.117-118 The rapid hydrolysis under acid conditions promotes the
formation of silanol groups and has been shown to reduce their self-condensation.99, 117 Thus, as
mentioned in section 1.2.4.4., the more rapid hydrolysis of acid catalyzed processes tends to
induce more linear polymerization, while the more rapid condensation in base catalyzed
reactions leads to more branching.99-102, 117 The nature of the acid used has been demonstrated to
affect the relative hydrolysis and condensation rates.119 Changes in pH during synthesis also have
an effect on the synthesis products. For example, slow neutralization with H2SO4 in a modified
MCM-41 synthesis under basic conditions prompted transition to a hollow tubular microstructure
with cylindrical mesopores making up the walls.120 In another case, use of an internal pH
modifier to increase the pH during hydrothermal treatment in synthesis of SBA-15 led to the
conclusion that higher pH decreased ordering, pore size, and surface area compared to synthesis
conducted only at low pH.121
1.2.4.5.3.

Swelling agent

Two common ways that pore sizes of mesoporous materials synthesized using micelle templating
can be customized are by using surfactants of varying hydrophobic chain length13 or by addition
of a swelling agent.13-14, 21-22 Swelling agents, also known as micelle expanders, are
supplementary organic compounds added during synthesis (or before post-synthesis
treatment122), and act by becoming solubilized in the hydrophobic core of the surfactant micelles,
thus expanding the core of the micelles and leading to larger pore sizes and volumes, as
illustrated in Figure 1.7.123-124 Swelling agents have been shown to have an effect on the
anticipated morphology of the template, and thus the ultimate product.125 Not all micelle
expanders are suitable for all surfactants, and certain swelling agents can alter the typically
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favored product, produce disordered materials, or lead to no product formation.61, 124, 126 The
nature and amount of added swelling agent, and the reaction temperature are all significant
factors in successful pore size adjustment. Increased amounts of swelling agent usually increase
pore sizes, but in excess can diminish the structural ordering of the material produced or can lead
to other structural transformation.39, 61, 122, 127 Large amounts of decane in the synthesis of SBA15 have been shown to decrease particle size and modify channel orientation, attributed to
confinement during micelle formation due to the excess swelling agent.83

Figure 1.7 Pore size customization by increasing micelle size through (A), (B)
adjustment of surfactant size, and (C) addition of a swelling agent. Reprinted with
permission from Kruk, M. Accounts of Chemical Research 2012, 45 (10), 1679.
Copyright 2011 American Chemical Society.

1.2.4.5.4.

Stirring speed

During synthesis, the rate and duration of stirring influence particle morphology. Meoto et al.
found that FDU-12 synthesized without stirring (after 10 minutes of stirring) or at slower stirring
speeds had regularly shaped, well defined platelet particles, while faster stirring led to loss of
long-range order.128 The difference was attributed to an interference with micelle formation and
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silica co-assembly, resulting from changes in shear rate.128 In many circumstances, the shear
forces from stirring can have an effect on particle size. For instance, it has been found that higher
stirring rates lead to smaller particle sizes in the synthesis of MCM-41.111 Static conditions after
brief stirring upon addition of silica source has been shown to yield SBA-15 with rod-like
morphology, while continuous stirring yielded fiber-like morphology.129-130 In a low temperature
synthesis, Cao and Kruk were able to synthesize highly ordered large pore platelet SBA-15 with
short pores by minimizing the duration of stirring to the first 10 minutes of reaction followed by
static conditions for the remainder.131 In another case, Huang and Kruk used the same synthesis
mixture composition, including surfactant (Pluronic® F127) to synthesize either FDU-12 or
SBA-15 silicas by adjustment of the time between addition of the swelling agent and the
framework precursor, along with adjustment of the stirring speed (slower speed to obtain SBA15).132
1.2.4.5.5.

Hydrothermal treatment

Hydrothermal treatment is a relatively high temperature synthesis (or post-synthesis) step which
promotes condensation and restructuring of the framework, and reduces shrinkage during
calcination, leading to increased pore size.124 For SBA-15 templated by triblock copolymer
(Pluronic® P123), increased time and higher temperature treatment have been shown to lead to
larger pore sizes, with a reduction of surface area and pore wall thickness over time, and
narrowing of pore size distributions.133 Kruk and Cao were able to demonstrate control of pore
size of SBA-15 by varying hydrothermal treatment temperature and time, and suggested
diminished thickness of pore walls and reduction in framework shrinkage during calcination as
the principal factors contributing to pore size augmentation.134 It has also been demonstrated that
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the size of the cavity entrances of FDU-12 can be controllably enlarged, though with only
nominal increase in pore size, by increasing hydrothermal temperature.135-136
1.2.5. Applications for SBA-15
1.2.5.1. Introduction

The current and possible applications for SBA-15 and similar ordered mesoporous materials are
varied and diverse, and in many cases are an expansion or improvement over similar usages for
MCM-41 with its smaller pore sizes. Some selected examples are given below and are not meant
to be inclusive but should give some insight into the broad adaptability of SBA-15 materials.
While there are certainly various degrees of overlap among the following representative
examples, they have been divided into four categories for clarity.
1.2.5.2. Separations

For many years, silica gel has been extensively studied and utilized as a stationary phase in
various chromatographic applications,137-141 with properties such as surface modifiability, high
surface area, and porosity contributing to its widespread use.142-143 Since ordered mesoporous
silicas have similar properties, with the additional advantage of tunable ordered pore systems, it
is not surprising that they began to be examined for use in separation techniques shortly after
first being synthesized. MCM-41 has been investigated as column packing in normal-phase high
performance liquid chromatography (HPLC)144, reversed-phase HPLC145, chiral HPLC146, size
exclusion chromatography147, and as column coating in capillary gas chromatography148. MCM41 has further been shown to have some potential in the separation by size of biological
molecules through adsorption.149-152 However the large surface area152 of MCM-41 can affect
adsorption and the size of adsorbate molecules is limited by the pore size149, 153 of the adsorbent.
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With its larger pore sizes, and increased hydrothermal stability21 SBA-15 is a natural extension
in the pursuit of separation of larger biomolecules. Early work showed the validity of this
assumption, when it was shown that SBA-15 silylated with (3-aminopropyl)-triethoxysilane
(APTES) could selectively (based on size and charge) adsorb and subsequently release proteins
in solution, thus demonstrating size exclusion and ion exchange capabilities of the material.154 In
a 2002 report, small biomolecules, peptides, and proteins were successfully separated by
capillary HPLC using spherical SBA-15 modified with dimethyloctadecylchlorosilane (C18SBA-15).155 The separation results, better in some cases than those of a commercial C18 column,
were attributed to the high surface area and uniform pore structure.155 In a study of the effect of
experimental conditions, the adsorption capacity of SBA-15 for a representative antibiotic was
found to match that of the commercial resin SP850156. Katiyar et al., synthesized spherical SBA15 and showed selective separation of different sized proteins with the SBA-15 having a high
saturation capacity and the judicious selection of pore size leading to faster uptake of the proteins
examined.153, 157 Recently, Moerz and Huber exploited pH dependence, using SBA-15 to separate
binary mixtures of proteins based not only on size but on isoelectric points.158 The authors
suggested that tubular geometry of the hexagonal silica forces more protein-protein interaction,
thus limiting certain protein adsorption, promoting more selective adsorption than traditional,
less confined surfaces.158
The use of SBA-15 in chromatographic separation is demonstrably not limited to biological
molecules. For instance, the use of spherical large pore-diameter functionalized SBA-15 (SLPC18-SBA-15) has been reported in the successful ultra-HPLC separation of aromatic
molecules.159 Bruzzoniti and co-workers were able to demonstrate ion-exchange
chromatographic separation of Group I, Group II, transition metal, and ammonium ions using
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SBA-15 functionalized with –(CH2)3COOH groups (SBA-15-COOH).160-161 Mayani et al.
modified SBA-15 with (S)-amino alcohol and used these silicas and their copper complexes as
chiral stationary phases in chiral ligand exchange chromatography to separate racemic mixtures
of mandelic acid with better resolution than correspondingly modified conventional silicas.162
Separation of gases is a critical but problematic process in industry. Grande et al. used the high
selectivity toward propylene of SBA-15 impregnated with silver (Ag-SBA-15) in a pressure
swing adsorption (PSA) simulation to obtain chemical grade propylene at high yield, and high
purity propylene at reasonable yield.163 Buonomenna et al. formed permeable membranes for gas
separation with amino functionalized, short channel platelet-like SBA-15 in a polystyrene-bpolybutadiene-b-polystyrene (SBS) triblock copolymer matrix.164 The membranes displayed
higher ideal selectivity (the ratio of the permeability of two gases using identical conditions, but
measured independently)165 for CH4/N2 than commercial membranes, and high ideal selectivity
for CO2/N2, suggesting commercial applications for CH4 separation and capture of industrially
produced CO2.164
1.2.5.3. Adsorbents

Functionalization of OMSs leads to a broad expansion of their capabilities for adsorption, and
there are many practical applications of functionalized SBA-15 type materials for solid phase
extraction (SPE). SPE is a separation technique in which an analyte or analytes are extracted into
a solid phase and thus separated and/or concentrated from the containing medium.166
Industrial aqueous contamination by heavy metals is an ongoing problem due to the solubility,
persistence, and biological toxicity of many of these ions.167-168 Liu et al. first functionalized
SBA-15 with 3-mercaptopropyl and 3-aminopropyl (3-aminopropyltriethoxysilane) groups and
found that the thiol modified material selectively removed Hg2+ ions, while the amino modified
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material selectively removed Cu2+, Zn2+, Cr3+, and Ni2+ ions.169 Liu and co-workers used amino
(3-aminopropylmethoxysilane) functionalized SBA-15, but in this case for the adsorption of
U(VI) ions from aqueous solutions.170 In other similar studies, SBA-15 functionalized with
imidazole groups171 exhibited rapid and high adsorption of Cr(VI), while SBA-15 functionalized
with iminodiacetic acid172 showed effective removal of Cd2+ from aqueous solutions. Liu et al.
obtained increased adsorption and high selectivity for Pb2+ by grafting an ion-imprinted polymer
(IIP) onto SBA-15, demonstrating the applicability of this method for metal ion adsorption.173
The IIPs mentioned above are a subset of molecularly imprinted polymers (MIP).174 MIP take
advantage of the functionalization of a polymer through templating to promote high selectivity
for a target molecule, making them suitable for targeted adsorption of a wide range of substances
and wide range of applications.175-176 Some groups have used SBA-15 supported MIP to detect
and extract (from biological samples) various bioactive constituents of different Chinese
medicinal herbs.177-179
In some other examples of practical uses of modified SBA-15 as an adsorbent, Ara180 and coworkers used SBA-15 coated with sulfate-doped polyaniline as the adsorbent in a novel microSPE (micro-solid-phase extraction) method to extract parabens from waste water and from
commercial cosmetic samples for environmental and industrial use, and Casado et al.181 used
SBA-15-C18 as SPE adsorbent in a multi-residue method for extracting 23 veterinary drugs from
meat samples, finding that the material used was more effective than commercial C18 silica in
the recovery of the drug residues.
1.2.5.4. Catalysis

As a support in catalysis, MCM-41 has been extensively studied, with surface area and
accessibility thought to contribute to its early success.182 Not surprisingly, loading of SBA-15 by
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impregnation with catalytically active material for use in catalysis also garnered interest from
early on.183 Wang et al. first tested this capability when they loaded SBA-15 with Co2+ and used
the material in Fischer-Tropsch synthesis to successfully produce hydrocarbons from syngas;
however the material had lower activity than traditional supports.184 More recently, Chen et al.
studied catalytic conversion of syngas to ethanol over SBA-15 impregnated with rhodium and
either Fe185 or Mn186. SBA-15 has also shown promise as catalyst support in the catalytic
cracking of biomass, including wood and plant oil wastes, to yield various fuels.187-192
Another promising prospect is the immobilization of enzymes onto an SBA-15 support, which
takes advantage of the stability of the mesoporous material and availability of large ordered
pores.193-195 Methods of immobilization range from simple adsorption into pores, covalent
attachment, and various forms of entrapment.196-198 Studies have shown that retention of activity
after storage and thermostability increased after immobilization of enzymes, and enzymes
retained high activity after multiple uses, although there is an initial decrease in activity due to
the immobilization.199-200 Particle size and morphology seem to have a great effect on the rate
and capacity of enzyme immobilization on SBA-15.201-203
Wang et al. found APTES functionalized SBA-15 gave higher yields than similarly modified
amino-functionalized MCM-41 when used as a basic catalyst in Knoevenagel condensation and
Michael addition reactions, with the aminopropyl groups believed to be the active sites of
catalysis.204
1.2.5.5. Controlled Delivery

Early work involving the adsorption and diffusion-controlled in vitro release of the antibiotics
gentamicin and amoxicillin indicated the feasibility of the use of SBA-15 with some
enhancement over conventional methods of dispensation.205-206 A later study showed that surface
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functionalization of SBA-15 with alkoxysilanes could increase or decrease amoxicillin loading
depending on the nature and amount of the alkoxysilane.207 The silanol groups within the SBA15 cannot form any strong intermolecular bonds with the loaded drugs, so modification of the
surface to enhance intermolecular interactions can improve the loading and release of drugs,
while the effect is determined by the specific properties of both the drug and the surface
modification.208 For instance, in a study of the effect of modification with various possible
groups, aminopropyl modification was shown to promote the highest loading of the drug
methylprednisolone, which was attributed to electrostatic interactions between the hydrophilic
drug and surface groups.209 Drug release rate from amino-modified SBA-15 is often dependent
on pH and its effect on the surface-drug interactions.210-213 Aminopropyl modified silica has also
been tested as a topical delivery agent, after being loaded with the antibacterial drug tetracycline
and affixed to cotton fabric for wound application.214
Clinical use for the delivery and controlled release of anti-cancer medication is a potential use
for functionalized SBA-15. Tamanoi et al. conducted in vivo and in vitro studies to determine the
applicability and biocompatibility of mesoporous silica nanoparticles (MSN) for the delivery of
cancer treatments to tumors.215 The MCM-41 type silicas were made fluorescent by
incorporation of fluorescein isothiocyanate during synthesis, and were modified with folic acid
to promote targeting of cancer cells.215 The MSN were found to accumulate at tumor sites even
without targeting, to effectively deliver anti-cancer drugs, and to be generally biocompatible,
indicating the applicability of ordered mesoporous materials for a variety of biomedical
purposes.215
Protein therapeutics, the targeted delivery of beneficial proteins, is another prospective
application for SBA-15, due in part to its high loading capacity and resilient structure that can
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guard proteins against denaturation from exposure to the environment.216 In 2005 Song, Hidajat,
and Kawi first reported adsorption and release of the model protein bovine serum albumin
(BSA), from amino-functionalized SBA-15, although not under cellular conditions.208 One
drawback of the large particle size of SBA-15 is decreased cellular uptake, as particles under 200
nm are ideally suited for cellular delivery.216-218 By controlling pH however, Yang et al. were
able to synthesize SBA-15 rods under 200 nm in length, thus producing material with higher
loading efficiency of large protein molecules, with increased cellular uptake compared with
conventional SBA-15.219 The samples with the largest surface area, pore volume, and pore size,
were the most effective, but appear to be small bundles of tubes in various states of
fragmentation rather than rods, at least in the provided TEM images.

1.3. Silica Nanotubes
1.3.1. Background of inorganic nanotube synthesis
Although the synthesis of inorganic tubes of tungsten disulfide220, carbon221-224, boron nitride225,
and silica226-227 by various high temperature methods had been previously reported, the first
report of the synthesis of hollow silica tubes at room temperature was made in 1995.228 These
were tubes of micrometer diameter, synthesized using sol-gel method in a tartaric acid matrix
and catalyzed by ammonia. Also in 1995, Nishizawa et al. reported a method to produce metal
nanotubes and nanowires by deposition of the metal within pores of polycarbonate filtration
membranes.229 The gold nanotubes they synthesized were not isolated, but remained within the
ion selective membrane.229 Shortly afterward, through modification of traditional MCM-41
synthesis method, Lin and Mou synthesized hollow silicate and aluminosilicate tubes of 0.3 – 3
micrometer diameter, with the walls containing inner cylindrical pores resembling those of
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MCM-41.120 Hollow nanotubes of silica, vanadium, aluminum, and molybdenum oxides were
reported in 1997, synthesized by a hard-templating method; coating carbon nanotubes with an
appropriate precursor (TEOS in the case of silicate nanotubes) and then eliminating the carbon
with a high temperature treatment.230-231 In the same year, Lakshmi et al. reported the synthesis
of 200 nm diameter titanium oxide tubes by immersion of porous alumina templates into sol-gel
mixtures, forming tubules within the pores of the alumina membrane.232-233 The alumina template
method has since been extended to potentially synthesize an extensive variety of metal nanotubes
by sol-gel method234 and by electroless deposition235. In 1999, Zhang et al. reported use of a
similar method to produce silica nanotubes with uniform 30 – 40 nm diameters.236-237 Biological
molecules can also be used as templates for nanotube fabrication. Schnur et al. developed a
process to deposit metal coatings onto self-organized microtubules formed from phospholipid
molecules.238 Examples of nanotubes synthesized using biological molecules include electroless
metal film deposition onto self -assembled protein heterodimers239 and atomic layer deposition of
aluminum and titanium oxides onto the tubular tobacco mosaic virus240.
In the hard template syntheses with carbon nanotubes, removal of the carbon nanotube template
generally requires high temperatures230, 241, and although silica tubes should be able to withstand
the high temperature, some modification to the tubes could result. In the case of other framework
precursors, the tubular structure can be compromised or otherwise modified during high
temperature treatment.241-244 Removal of the carbon template at lower temperatures244 is possible,
but requires special equipment and/or materials. As far as other hard templates, such as
nanorods, more complicated procedures and additional expenses have to be taken into account in
many cases.245-246 In the case of synthesis using alumina (or polycarbonate) membranes, although
the wall thickness of the nanotubes can be controlled, the primary way to increase the potential
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diameter of the tubes is through the use and incurred expense of a different template. If the
desired template is not available commercially, the extra step of synthesis of the template is
required.233 Also, pore size distributions in membranes offered commercially can be broad.247
Thus, as in the case of synthesis of ordered mesoporous materials, soft-templating methods are
arguably the more versatile and perhaps straightforward methods to synthesize individual hollow
nanoparticles, primarily due to availability of materials, simplicity of set-up, and adaptability of
syntheses.
1.3.2. Single micelle templating method
In 1998, Ono et al. used organic gelator fibrils to template fibrous tubular silica structures with
inner diameters from 10 – 100 nm, based on TEM.248 Shortly after, Adachi et al. reported
synthesis of bundles of long silica nanotubes through surfactant-assisted templating method,
using laurylamine hydrochloride as template.249-251 Over the next decade, only a few more or less
isolated strategies using single-micelle-templating to synthesize silica nanotubes/nanotubules
were reported. These strategies include using Pluronic® surfactants252-253, diblock copolymers254,
and an amino acid derivative255 as micelle templates.
In 2011, Mandal and Kruk initiated a general strategy for the synthesis of single-micelle
templated nanoparticles templated by PEO based surfactants.256 They reported the synthesis of
organosilica nanospheres and nanotubes through adjustment of the silica framework precursor to
surfactant ratio, showing that products varied from cubic structures to nanospheres, or 2-D
hexagonal structures to nanotubes, as the relative amount of framework precursor was
lowered.256 They hypothesized that a reduction in framework precursor below a certain amount
suppressed cross-linking between adjacent composite micelles (micelles with framework formed
in the hydrophilic PEO corona), resulting in the preservation of individual particles instead of
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consolidated structures.256 Later, Huang and Kruk used the same strategy to obtain silica
nanospheres and silica nanotubes.132 The latter were large, with BJH-KJS nominal pore diameter
of 20 nm (actual pore diameter being a few nm less).132 Although one earlier report257
documented products changing from hollow silica nanospheres to aggregated spheres when
increased amounts of framework precursor were employed, and another report258 documented
change from an ordered cubic structure to monodispersed spheres upon decreasing the silica
source, in neither case was the claim made that this was a general synthesis strategy.257-258 In
2017, Farid and Kruk used single-micelle templating with a blend of Pluronic® triblock
copolymers in the sub-ambient synthesis of large silica nanotubes with tunable pore size, and
with inner tube diameter up to 35 nm.54
1.3.3. Applications of hollow silica nanotubes
Silica nanotubes (SNTs) have many structural features that make them advantageous for various
applications, with many similarities to ordered silicas such as: accessible mesopores,
biocompatibility, hydrophilicity, and possibility of functionalization. The high aspect ratio and
hollow interiors of large, controllable size in nanotubes make them suitable for various
functionalization and as vessels for containing small molecules such as catalysts, or medicinal
drugs and other payloads for delivery. As in the case of their ordered counterparts, the usefulness
of nanotubes can be augmented significantly by surface functionalization, extending the range of
possible applications. Some examples of the numerous possibilities for practical uses of silica
nanotubes are given in the following sections.
1.3.3.1. Electronics and optics

Silicon is a promising alternative to the traditional graphite anode in lithium ion batteries, having
a much higher gravimetric capacity.259-260 Although the silicon degrades quickly due to cracks
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from strain259-260, hollow particles allow room for expansion, reducing the stress260, and it has
been shown that particle size is critical, with particles under 150 nm avoiding fracture261, thus
making nanoparticles ideal for this application. Wen et al. converted silica nanotubes into silicon
nanotubes and demonstrated their improved performance over silicon mesh as anodes in lithiumion batteries.262
1.3.3.2. Adsorbents and separations

Wang et al. showed the potential of silica nanotubes as heavy metal ion adsorbents when they
tested the adsorption capacity of both conventional silica nanotubes (SNTs) and SNTs
functionalized with sym-diphenylcarbazide.263 Although the capacity for the functionalized
nanotubes was better, both types of nanotubes displayed impressive adsorption capacity for
lead(II), cadmium(II), and cobalt(II).263
1.3.3.3. Catalysis

Silver is well known for its antibacterial properties264, and is an important catalyst with promise
in green chemistry and environmental processes265. Wang et al. first showed the immobilization
of silver in silica tubes in basic solution, but the tubes had very large pore diameters of 150-250
nm due to their templating with CaCO3 nanoparticles.266 Park et al. loaded functionalized SNTs
with palladium (Pd) within anodic aluminum oxide (AAO) templates and found them efficient at
catalyzing Suzuki coupling reactions, while loss of Pd through leaching was limited.267 Recently,
Liu et al. used amine-functionalized SNTs templated by N-myristoyl-D-alanine sodium salt to
anchor palladium particles and found their catalytic activity in the reduction of 4-nitrophenol was
superior to similar conventional catalysts.268 In addition, the SNTs were also successful in
catalyzing Suzuki coupling reactions.268
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Ding et al. demonstrated the capability of SNTs for enzyme immobilization, loading the
nanotubes with the antimicrobial protein, lysozyme.269 The protein was found to preserve its
secondary structure and demonstrated increasing catalytic activity up to an optimal loading
point.269
1.3.3.4. Encapsulation and controlled release

Kapoor and Bhattacharyya studied the effectiveness of SNTs for drug loading and controlled
delivery as well as for biosensing.270 For drug loading, they impregnated both SNTs and 2,3dihydroxynaphthalene functionalized SNTs with ibuprofen, and monitored time release in
simulated body fluid.270 While SNTs demonstrated slow release, attributed to steric hindrance
from heterogeneities in the tubes, the functionalized tubes showed improved release, with higher
release yield than MCM-48 after 13 hours (although estimated dosage per day was still lower).270
Ultrasound-triggered release was also attempted for the SNTs, leading to increased

yield

rate due to elimination of the speculated heterogeneities.270 More recently, Zhou et al.
functionalized SNTs with a pH-responsive polymer, loaded the nanotubes with the cancer drug
doxorubicin, and illustrated controlled in vitro release of the drug by changing the pH.271 In
another case, Li et al. found that the use of aminated SNTs to load the water-insoluble drug
cilostazol increased the dissolution of the drug dramatically, probably due to loss of crystallinity
of the drug within the pores of the SNTs.272 In addition, SNTs that were further modified with
gelatin showed promise for controlling release of the drug in simulated body fluids.271-272
1.3.3.5. Biosensing

Kim, Son, and Min synthesized SNTs (with AAO templates) and were able to load the interior of
the pores with different quantum dots, and the exterior of the tubes with gold which was
subsequently functionalized with a capture probe.273 Some of the quantum dots were optimized
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to detect a target mRNA sequence specific to E. coli bacteria, while the exterior capture probe
signaled the introduction of nucleic acid, thus demonstrating dual and independent
functionalization of the nanotubes.273 Nguyen et al. also used AAO templating to synthesize
SNTs that were amine-functionalized, loaded with iron nanoparticles, and used as components in
an impedance based detection system for Salmonella bacteria.274 The system was able to isolate
Salmonella bacteria and was found to have a fast detection time and improved limit of detection
over other systems based on nanomaterials, thus showing promise for applications in biosensing
and separation.274
1.3.3.6. Other applications

There are numerous other applications found for nanotubes and their derivatives. For example,
Gao et al. used SNTs functionalized with amino groups as hard templates to synthesize noble
metal nanorods in high yield and regulated size.275 The growth of the nanorods was controlled by
selective seeding of the interior of the nanotubes, and they were able to synthesize numerous
different metal nanorods, including Ag nanorods, which are not otherwise easily synthesized.275
For another diverse example, Wan et al. used bacterial cellulose as a template to synthesize a
porous, 3-D SNT network that was effective as a scaffold for cell proliferation, indicating a
possibility for use in bone tissue engineering.276

1.4. Surfactant Mixtures in the Synthesis of Mesoporous Materials
1.4.1. Single surfactant systems
Section 1.2.4 introduced surfactants and surfactant systems, especially those systems containing
amphiphilic triblock copolymer surfactants. Here the discussion of surfactants is expanded and
templating systems consisting of a mixture of two surfactants are discussed. For any surfactant
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system, one may contemplate which factors intrinsic to a specific surfactant may lead to the
preferential formation of one type of micelle over another, and ultimately to a particular
templated product. The primary features influencing the type of meso-structure obtained from a
particular PEO-PPO-PEO surfactant have been shown to be the length of the EO block (when
PPO block length is fixed) and the synthesis temperature.277 It has been demonstrated that the
resultant morphologies transition from lamellar, to hexagonal, to cubic, as the size of the EO
blocks increase in a set of PEO-PPO-PEO copolymers, although the EO/PO ratio may be as
important as the length of the EO segments.277 Meanwhile, increased temperature decreases the
hydrophilicity of the EO blocks, thus increasing the overall hydrophobic nature of the copolymer
and shifting the morphology of the resultant structures formed.277 The decrease in hydrophilicity
of EO blocks due to increased synthesis temperature can also increase the pore size of ordered
mesoporous materials.278 As the EO chains become more hydrophobic, they become less soluble,
shrinking the corona and expanding the core of the micelle, leading to larger pore size and
reduced microporosity.278 An important point to consider is that the stated molecular weights and
block sizes of the commercial PEO-PPO-PEO surfactants are averages73, and the triblocks may
be contaminated with diblock copolymers73, 279-280 and/or homopolymers280. However,
reproducibility of syntheses indicates that the contaminants may not have a noticeable effect on
the ordered domains of mesoporous materials templated by these surfactants.
As can be inferred from the previously cited empirical analyses, it is essential to regard the
extent of the two contrasting regions of the amphiphilic surfactant when considering the nature
of micelles formed in a particular surfactant system. Hydrophilic-hydrophobic balance, or
hydrophilic-lipophilic balance (HLB) is an evaluation of the relative amounts of the hydrophilic
and hydrophobic domains in a surfactant and can serve as a guideline to predict the behavior of
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surfactants.281 One historical interpretation that associates the relative hydrophobic and
hydrophilic domains to micelle formation is the ‘critical packing parameter’, g.282-283 It has been
used to explain the arrangement of traditional amphiphilic surfactants into micelles of
thermodynamically unfavorable assemblies and describes the relationship between various
structural morphologies in the form of an equation: V/a0l.282-283 Here V represents the core
volume, l is the tail length, and a0 is the area of the head group of a surfactant.282-283 The
calculation takes into account changes in surface curvature leading to transitions between various
morphologies and can be extended to include block copolymers284-285, as well as many mixed
surfactant systems54, 126. However, while it has often been used with success to rationalize
acquired mesostructures22, 124, 126, 285, it should be kept in mind that the factors in the equation for
a given surfactant are variable with solvent and temperature, and the concentration of surfactant
may be significant.124, 126, 283
1.4.2. Systems with two surfactants
1.4.2.1. Introduction to mixed surfactant systems

An assortment of work has been done on the synthesis of mesoporous materials with mixed
surfactant systems, and examples given here will serve to illustrate the abundant opportunities
inherent in these systems, including augmenting the features of traditionally synthesized
mesoporous materials and streamlining synthetic processes. The outlined benefits comprise
bringing various enhancements to similar single-surfactant systems, such as increasing the range
of synthesis parameters, enabling tuning of mesophase and particle morphology, expanding the
range of attainable pore sizes and d-spacings, and improvement of structural ordering.
In systems with mixtures of two surfactants, there are three representative possibilities for
micelle formation, based on miscibility.286-287 If two surfactants are miscible, mixed micelles of a
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single type can be formed.287-289 If the surfactants are not miscible, two distinct types of micelles
may be evident, and if the surfactants are partially miscible, two different types of mixed
micelles could potentially form.286-287 When two surfactants are miscible, their properties can
typically be associated with both of the individual surfactants. For example, studies have
determined that the critical micelle concentration of mixtures of Pluronic® L81 and P123 are
intermediate of the CMC of the separate surfactants.290 The functioning of surfactant mixtures as
templates can thus be connected to a combination of the contributions of the surfactants, as
demonstrated in the following sections detailing work that has been done with various mixed
surfactant systems.
1.4.2.2. Mixed systems of cationic surfactants

Huo et al. looked at the effect of the mixing of divalent quaternary ammonium gemini surfactants
having two identical tail groups, with divalent quaternary ammonium surfactants having two
different tail groups, in the synthesis of ordered mesoporous materials.124, 126 They produced
well-defined MCM-41 under conditions that would lead to lamellar silica when using single
surfactant of similar average hydrophobic group size.124, 126 They also found that the structures
transitioned from cubic (MCM-48), to 3-D hexagonal (SBA-2), to 2-D hexagonal (MCM-41) as
the ratios of the two surfactants were modified.124, 126 It was suggested that the resulting
mesophases could be understood as arising from an average of the surfactant packing parameters
of the two surfactants employed.126 Khushalani et al. synthesized MCM-41 with tunable dspacing by decreasing the ratio of a binary mix of quaternary ammonium surfactants.288 They
claimed that similarities between the surfactants, such as head group charge and hydrophobic tail
length, lead to mixed micelles rather than separate micelle species and pointed to the linear trend
in d-spacing and presence of only singular d100 peaks as evidence.288 Shortly thereafter, several
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other groups also reported investigations of quaternary ammonium surfactant mixtures in the
synthesis of MCM-41.289, 291-293 In all of these investigations, the pore diameters could be
predictably controlled by systematical adjustment of the molar ratios of the surfactants. 289, 291-293
In one case surfactant ratio was used to control channel size as well as particle morphology on a
micrometer scale.293 In another case, it was asserted that disparities in head-to-tail packing ratio
caused by increasing the tail length of single surfactants in swollen micelles were compensated
for by adjustment of binary surfactant mixtures, leading to improved structural ordering in the
mixed surfactant systems.292 In another instance, uniform pore-size distribution was pointed to as
evidence of the surfactants forming mixed micelles.289, 291
1.4.2.3. Mixed systems of different surfactant types

Mixed surfactant systems are certainly not limited to cationic surfactants, as evidenced by
several studies that have entailed mixtures of two different types of surfactants. These systems
also show morphology and pore size transitions with variation in the relative amounts of
surfactants employed. Chen et al. synthesized MCM-48 with an atypically low concentration of
surfactants by using a mixture of cationic and anionic surfactants.294 As the anionic/cationic
molar ratios were increased from 0, the obtained silicas transitioned from MCM-41, to MCM-48,
to lamellar MCM-50, with gels forming after a certain ratio.294 It was thought that the anionic
surfactant (sodium laurate) had a dual role, serving as an organic cosolvent while increasing the
surface activity of the cationic surfactant.294 In another example of mixing surfactants of two
different types, Ryoo et al. used a procedure similar to one used earlier295 to synthesize MCM41, but used a mixture of a cationic surfactant (quaternary ammonium salt) and a neutral
surfactant rather than a single cationic surfactant, and obtained high quality MCM-48 in high
yield.296 Song et al. used mixtures of cationic (quaternary ammonium) and nonionic
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(polyoxyethylene cetyl ether) surfactants to template mesoporous silicas with tunable dspacings.297 As the relative amount of nonionic surfactant was increased, interplanar spacings
increased, although resulting silicas became more disordered and increased acid addition led to a
biphasic system.297 Zhao et al. were able to control the morphology of SBA-15 by mixing a
cationic surfactant with the nonionic P123, yielding hard sphere morphology with micrometer
sized particles.298 In contrast, the same system without a cosurfactant, but with
dimethylformamide as a cosolvent, yielded doughnutlike morphology.298 Although P123
typically promotes formation of 2-D hexagonal morphology, Chen et al. obtained highly ordered
cubic silica by using mixtures of P123 with the anionic surfactant, sodium dodecyl sulfate
(SDS).299
1.4.2.4. Mixed systems of triblock copolymer surfactants

In some early work involving the mixing of two different nonionic (Pluronic®) surfactants,
Alakhov et al. combined Pluronic® L61 and F127 for the delivery of anti-cancer drugs, hoping
to minimize aggregation and phase separation typical of L61 micelles.300 They found that phase
separation was suppressed and the diameter of copolymer micelles remained below 30 nm,
making the mixture ideal as a drug carrier and delivery agent.300 Kim et al. however, were first to
tune the mesostructures of silicas through use of mixtures of only nonionic surfactants, including
diblock mixtures and triblock (Pluronic®) mixtures.285 As in the case of ionic surfactant
mixtures, a series of different mesostructures was acquired, in this instance as the hydrophilic
headgroup size was changed in the individual syntheses.285 In general, it was found that the
structures progressed from lamellar, to hexagonal, to cubic as the EO/PO ratios were increased,
and for a series of PEOx-PPO70-PEOx mixtures, hexagonal structures were favored for x values
between 12 and 40 while cubic (SBA-16) structures were favored for x values between 70 and
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90.285 This implies that these mixed systems could be evaluated similarly to single surfactant
systems of comparable EO/PO ratios. Kim et al. also worked with non-ionic copolymer mixtures
and were able to synthesize SBA-16 and tune the pore cage and entrance diameters by increasing
the amount of P123 in a mixture of P123 and F127 copolymers.301
Recently, Farid and Kruk demonstrated the scope of applicability and distinctive features of
surfactant mixtures in their comprehensive study of swollen micelles from blends of F127 and
P123 or P104 swollen by toluene.54 They reported synthesis of SBA-15 with d100 spacings up to
33 nm, the largest reported to date.54 Notable and unique to the swollen mixed surfactant system
under sub-ambient conditions, the unit-cell sizes obtained were found to be fairly independent of
temperature over a 10 °C range.54 By reducing the relative amount of framework precursor, they
also obtained exceptionally large diameter nanotubes, with the largest pore diameter estimated at
35 nm.54 Remarkably, pore diameters of the nanotubes could be regularly adjusted by varying the
relative amount of swelling agent added, an achievement not previously attained with nanotubes
synthesized from a surfactant template.54

1.5. Inorganic Helical Structures
1.5.1. Introduction
The helix, as a 3-dimensional form, is likely familiar to most everyone due to its prevalence in
both natural and synthetic constructions. A helix can be envisioned as a curve coiling about a
central axis, with the characteristic that all lines tangent to the curve have a constant angle of
intersection with a fixed unit vector.302-303 The helical curve has chirality and can be designated
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as right-handed or left-handed depending on the rotation of the curve around its axis. The two
curves are mirror images with opposite rotations as illustrated in Figure 1.8.

Figure 1.8 Illustration of right-handed and
left-handed helices. Note that they are
non-superimposable mirror images with
opposite rotations.

In biological organisms, the helix can be found extensively. Helical patterns are present in
numerous seashells and in the left-handed and right-handed helical pairs of horns grown on many
animals.304 Helical spiraling can also be found within various plant systems, including petals,
leaves, tendrils, stems and roots.304-305 On a cellular level, helical organization can be found in
microtubule arrays and cellulose microfibrils in plant cells, and within the structures of
bacterium.305-308 In polypeptide chains, hydrogen bonding leads to a helical configuration,
primarily the α-helix,309-310 while base-pairing similarly leads to helical and double helical
regions in RNA311-312. However, the characteristic double helix of DNA313, found in all living
organisms and in DNA viruses, is arguably the most well-known natural helical structure. Less
tangible occurrences of helical patterns can also be found in nature; for example, the path of
squirrels running around a tree trunk,314 and the path of electrons in the vicinity of the nucleus of
an atom,315 or in a magnetic field316.
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In an obvious response to the aesthetic appeal and functionality of the helix, many diverse, manmade fabrications mimic a helical pattern as well. Spiral pillars, columns and staircases blend art
with utility, while objects such as metal screws, springs, and the helical antennas used in some
mobile handsets and in satellite communications, were designed primarily for the usefulness
gained from the structure. The synthetic construction of objects using the helical theme is not
limited to the macroscale however, with considerable work done on the nanoscale, in an attempt
to take advantage of the structural benefits either already realized or envisioned for such
assemblies.
1.5.2. Functionality and applications of helical nanostructures
The functionality and utility of nanostructures such as nanotubes, nanorods, and nanofibers are
well known and have been extensively studied. The addition of a helical twist can enhance the
desired properties of many of these structures, and often effect additional useful properties. Some
of the examined properties that are potentially advantageous are mechanical, optical, and
electronic properties, with some obvious overlap within these categories. The following sections
will discuss a few of the expected advantages and current applications of nanostructures with a
helical conformation.
1.5.2.1. Optical and electronic properties and applications

Kibis et al. calculated that helical nanostructures display superlattice behavior dependent upon a
transverse electric field, and that these structures were thus presumed to be practical for use in
optoelectronic devices.317 Sun et al. synthesized single-handed helical mesoporous carbon
nanofibers that demonstrated good optical activity and high capacitance when applied as
electrodes in a supercapacitor in addition to having potential as anodes in lithium ion batteries.318
Double-helical TiO2 fibers have been synthesized and shown to have optical activity, postulated
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to be the result of electronic transitions.319 In another case, CdS doped silica structures showed
interesting optical activity, attributed to dipole-dipole interactions between CdS nanoparticles.320
The researchers term the structures as ‘helical silica nanotubes’ but provided field-emission
scanning electron microscope (FESEM) and TEM images suggest a structure with twisting on
the outer shell and a rectangular pore running through the middle.
1.5.2.2. Artificial Photosynthesis

Hydrogen has been eyed as a long term, clean, renewable energy source. For decades, the
biomimetic processes of water splitting, in which water is photo-converted into hydrogen and
oxygen gas, have excited researchers as a method to obtain sufficient hydrogen for energy
consumption.321-323 This type of artificial photosynthesis was first practically carried out in
1972324, and methods have developed and progressed in the years since321-323, with improvements
involving nanostructures leading to even further advances321. More recently, examples have
emerged showing that additional enhancements have been realized through the use of helical
nanostructures as components of semiconductors for hydrogen production.325-326 For example,
the use of a helical heterojunction system of tungsten trioxide with bismuth vanadate yielded
higher photocurrent density and considerable gas production compared to similar non-helical
systems, which was attributed to strong light scattering, greater surface area, and better charge
separation.326 In another case, helical graphitic carbon nitrides synthesized from chiral silica
templates showed promise in hydrogen evolution and CO2 reduction, and these structures were
found to selectively reflect circularly polarized light, dependent on the chirality of the helices.325
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1.5.2.3. Catalysis and enantiomer discrimination

The ability to determine the chirality of enantiomers is useful and can also be essential, as in the
case of pharmaceuticals, where such properties as potency, toxicity and effectiveness can differ
drastically between different-handed isomers.327
It has been shown that the sensitivity of chiral sensors can be improved through the use of chiral
plasmonic nanostructures328, and that the unique optical properties of helical nanostructures can
lead to tunability of their plasmonic properties329. As near field sources, plasmonic
nanostructures of multiple metal helices were shown to have a much greater chiroptical response
in comparison to circularly polarized light, which was thought to make such structures well
suited for enantiomer discrimination.330
Sato et al. used chiral organogels to prepare left- and right-handed supramolecular helical silicas
that had inner tubes with matching handedness.331 They used the helical silicas to induce highly
enantioselective synthesis of pyrimidyl alkanol, producing high yields of right- and left-handed
products, dependent on the handedness of the silicas used.331 It was neither immediately apparent
nor demonstrated whether the enantioselectivity resulted from the helicity of the structures, a
chiral imprint from the chiral organogel templating method, or some combination of both.
1.5.2.4. Other applications

Zou et al. prepared ethane-bridged periodic mesoporous organosilicas which proved to be more
efficient at removing hydrophobic organic contaminants from water than mesosilica nanotubes,
and much higher sorption efficiencies than traditional MCM-41 silica.332 The higher efficiency
of these materials was not directly attributed to their helicity, but to their amphiphilic properties,
accessible mesochannels, and macroporous hollow cavities.332
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1.5.3. Helices from self-assembly of block copolymers
Numerous polymers and copolymers have been shown to form helical structures under certain
conditions and for various proposed reasons.333-344 Many polymers, such as isotactic vinyl
polymers342, 344 and poly(isocyanide)343, can adopt a helical configuration in both crystalline state
and in solution. Diblock copolymers with charged poly(isocyanodipeptide) groups have been
shown to self-assemble in water into superhelices, stabilized by the peptide side chains.334-335
Superhelices were also formed from conjugated polythiophene diblock copolymers, which in
poor solvent first formed helical nanowires followed by helical superstructures, prompted by
addition of potassium ions.336 Various ABC triblock copolymers have been shown to selfassemble in solution into single, double and triple helices.338-341 In the case of PAA-b-PMA-bPS, single and double helices were proposed to form from cylindrical micelles due to
electrostatic and mechanical forces resulting from interactions with multivalent counterions.338 In
other cases, the use of block-selective solvents induced the self-assembly of triblock copolymers
into aggregates which became double and triple helices after sample aging for a long period of
time.339, 341
1.5.4. Synthesis of helical silicas
1.5.4.1. Introduction

Much effort has been made to transfer the helical design to inorganic materials, with one obvious
method being the utilization of a templating method, in which the inorganic material can be
deposited on a helical template using various methods. The template can be subsequently
removed if desired, with a helical inorganic structure remaining if such structure is sufficiently
stable. As discussed in section 1.2.4, the soft-templating method is one of the most common
strategies for synthesizing mesoporous silicas. This method has more recently been used to
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synthesize silicas with diverse types of helical arrangements, with a common approach being to
utilize organic helical templates formed by the co-assembly or self-assembly of various
templating materials, such as gelators345-348, peptides349, sugar lipids350 and anionic surfactants351353

.
1.5.4.2. Helical silicas using self-assembling organic templates

A chiral, synthetic gelator-like surfactant was used as a self-assembling template to synthesize
what are claimed to be short single-helical nanotubes, twisted mesoporous nanoribbons, and
double-helical nanofibers.348 The sol-gel reactions were carried out in aqueous solution and the
various structures were dependent on the amounts of NH3 and alcohol added.348 Only an FESEM
and a TEM image are provided for the assumed helical nanotubes, and conclusive
characterization from the images is not possible. Similarly, chiral cationic gelators have been
used to synthesize mesoporous nanotubes with multiple , helically twisted pore channels in their
walls.354 It was believed that interactions between the gelators and the silica source (TEOS)
influenced the self-assembly of the gelators into helical structures. Helical, hexagonally ordered
mesoporous silicas have been synthesized through self-assembly of both chiral and achiral
anionic surfactants with quaternary aminosilane or aminosilane cosurfactants.351-352, 355-356
Depending on conditions, single twisted hexagonal rods, and bundles of 2,3 or 4 rods were
obtained. The rods were twisted 2-D hexagonal particles and contained pores with diameters in
the 2 – 3 nm range. It was proposed that asymmetric molecular shape of the surfactants prompts
helical micelles that lead to the helical superstructure.355-356
Gemini surfactants with tartrate counter ions that self-assemble into a xerogel of twisted ribbons
were used as an organic template for helical silica transcription.345 The handedness and helical
pitch of the templates were tunable by adjustment of the relative ratios of the enantiomeric
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counter ions, L- and D-tartrate.345 After sol-gel polymerization and removal of templates,
double-helical silicas were obtained, however they were not hollow structures.345 A synthetic
sugar lipid that self-assembles into a double helix has been used to produce single and doublehelical silica nanomaterials in aqueous solution.350 The resulting materials were well defined, but
appear to be solid, rather than hollow tubular structures.350 Hollow double-helical silicas with
pores in the strands of the helix smaller than 1.5 nm were claimed to have been obtained using a
sugar based gelator with aminophenyl glucopyranoside.347 In that case, sol-gel polymerization in
water-methanol gel produced double helical silicas, but the gas adsorption data provided does not
clearly support the claim that the tubes were hollow.347 The TEM images provided indicate that
there is a void space, but it is along the axis of the structure rather than within the two strands of
the double helix. In another case, a diaminocyclohexane based organic gelator that selfassembles into helical structures was used as a chiral template to synthesize single-helical
silicas.346 Sol-gel polycondensation yielded silica composites which appear (based it seems,
solely on TEM images) to be hollow after removal of the template.
1.5.4.3. Helical silicas by physical confinement

Wu et al. studied the effects of physical confinement on the assembly of TEOS and Pluronic®
P123, using dip-coating method within cylindrically shaped porous anodic alumina (PAA)
nanochannels of decreasing size range.357 When the nanochannel diameters were between 30 –
73 nm, several helical morphologies were documented, including various configurations of
single-helices, double-helices, and a core-shell triple-helix, with more than one structure
typically observed in each synthesis.357 A double-helical structure was claimed to have been
formed in PAA channels of ~31 nm; however, no TEM image was provided in this case, and the
TEM image of an inverse replica lacks sufficient clarity to confirm the proposed structure.357
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Chae et al. used a similar method to synthesize several helical structures, also varying with
channel width, and including a double-helical structure formed within the pores of 34 nm
alumina membranes.358 They provide TEM images of what appear to be double-helical silica
structures of several hundred nanometers length; however, many defects can be observed along
the axes of the helices, and no porosity characterization is provided, possibly due to the small
scale of the synthesis.358 The silica structures confined within the membranes were further used
as templates to produce helically coiled gold nanowires which have numerous defects, perhaps
due to deficiencies in the replication procedure, or stemming from defects in the silica
templates.358-359 In another instance of a transition from cylindrical to helical morphology, a
copolymer melt of the diblock copolymer PS-b-PBD was evidenced to adopt a helical curvature
when forced into confinement within cylindrical pores of an alumina membrane with diameter of
33 – 45 nm.333
1.5.4.4. Helical Organosilicas

Hybrid organic-inorganic helical silicas have also been synthesized using primarily chiral
cationic360-361 and anionic362-368 amino acid based low molecular weight gelators (LMWG). As in
the case of similarly synthesized silicas, the anionic gelators require the use of an aminosilane
structure directing agent, such as TMAPS, to promote helical reorganization of the gelator selfassembly.362 Structures formed depend on experimental conditions, with a wide range of twisted
nanostructures, including coiled tubular ribbons362-363, 368, multiply-helical nanofibers360-361, and
what are claimed to be single- and double-helical nanotubes364-367. The purported helical
nanotubes364-367 in many cases appear to have rectangular pore interiors and are difficult to
appropriately characterize based on the provided images.
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1.5.5. Mechanisms of helix formation
When a wire is forced into confinement in a cylinder, it is generally energetically favorable for
the wire to coil uniformly.369 Maritan et al. studied strings under enforced confinement and found
that depending on the boundary conditions, the helix is one of two optimal shapes for the
string.370 In solutions without boundary effects, which were simulated by requiring local
constraints upon the length of the string, the optimal shape was perfectly helical strings,
correlating to the shapes of α-helices found in proteins.370 This confinement relates to the

synthesis of helical silicas and helical diblock copolymers in porous anodic alumina channels
discussed earlier.333, 357 In the Wu et al. silica study, a flat substrate was considered as the
limiting case representing a nanochannel of infinite diameter.357 It was then proposed that the
observed morphologies could be attributed to the reorganization of the mesophase from 2-D
hexagonal cylinders to various coiled structures in order to compensate for the decreasing
diameter of the nanochannels.357
Snir and Kamien proposed that helix formation in polymers can be understood with an
entropically driven model.371 In this model, the polymer is considered a solid tube within a
colloid containing hard depleting spheres, with the entropy of the spheres increasing when the
tubes form a helix, due to overlap of the inaccessible regions on the tubes.371 Han et al.
synthesized hexagonal helical silicas using achiral cationic surfactant in highly concentrated
ammonia solution.372 The concentration of ammonia affected both the morphology and the
helicity of the silicas, with helical structure being obtained when the ammonia concentration was
≥ 10%, and becoming more compact as the ammonia concentration increased.372 This implied a
correlation with the entropically driven model, with variations from the model attributed to
interactions between the surfactants and the silica source.372
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Yang et al. synthesized hexagonal helical silicas from an achiral surfactant with a quaternary
ammonium surfactant, and proposed an interfacial interaction mechanism to account for helical
formation in the MCM-41 type material.373 They proposed that the decrease in surface free
energy when transforming from a cylindrical to a helical morphology makes the helical structure
more favorable.373 It was further suggested that this model for helix formation was not surfactant
specific and could be applied to construction of other helical materials.373
Tsuda et al. studied the alignment of nanofibers in a solution vortex resulting from mechanical
stirring.374 They found that the nanofibers macroscopically displayed temporary helical
alignment upon stirring, and that reversal of stirring direction reversed the handedness of the
helicity.374 The importance of stirring force in alignment of nanofibers has additionally been
demonstrated in the synthesis of helical bundles of silica nanofibers375 and hybrid silica
nanofibers360.

1.6. Characterization of Mesoporous Materials
To appropriately characterize the structure of ordered mesoporous materials, a combination of at
least three analysis techniques is generally required: electron microscopy (EM), x-ray scattering,
and gas adsorption analysis. For the ordered mesoporous solids synthesized in the currently
described research, transmission electron microscopy (TEM), small angle x-ray scattering
(SAXS), and nitrogen gas adsorption were used for characterization. For the silica nanotubes
synthesized, TEM and nitrogen gas adsorption were used for characterization. For the helical
structures synthesized, SEM (scanning electron microscopy), TEM, and nitrogen gas adsorption
were used.
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1.6.1. Transmission electron microscopy
A transmission electron microscope (TEM) is a high-resolution microscope that uses electrons to
illuminate the sample being analyzed. The sample is exposed to a beam of electrons in a vacuum,
allowing imaging of sample features with point resolution to a fraction of a nanometer. The TEM
takes advantage of the realization that the resolution of a microscope is limited by the
wavelength of the illuminating source, with shorter wavelengths leading to better resolution.376
The underlying principle of TEM is similar to that of the traditional light microscope, except (in
part) that in the case of TEM, the illumination source is electrons and the lenses are
electromagnetic.376 Samples must be thin because the electron beam passes through the
sample.377 Images are a result of the interaction of electrons with the sample being studied and
can be viewed on a fluorescent screen or recorded on a CCD camera and directed onto a
computer monitor. Due to the nature of the electrons, a vacuum system is required to maintain
the path of the electron beam. Depending on the size of the features of the sample, TEM can
provide visual insight into the morphology of a mesoporous sample, an indication of the ordering
of the sample, and a rough estimate of pore size (challenging because the wall thickness in noncrystalline samples is not simply determined). One drawback of TEM is that the sample size used
is extremely small, and without further characterization, it is not prudent to assume that the
portion of the sample being viewed is necessarily representative of the remainder of the sample.
Another drawback is that although images are of very high resolution and can elucidate internal
features, they reveal little about the topography of samples. Images are essentially 2dimensional, and samples require advanced manipulation to elucidate 3-dimensional features.
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1.6.2. Scanning electron microscopy
A scanning electron microscope (SEM) is a high-resolution microscope that is conceptually very
similar to TEM but has differences which make it an advantageous and complementary
technique of analysis. SEM also uses electrons for illumination, employs electromagnetic lenses,
and requires a vacuum system. In the case of SEM, the surfaces of samples are methodically
scanned in a regular pattern by electrons that have been focused into a beam. Unlike TEM, the
beam is highly focused and interacts primarily with the surface of the sample, which typically
must be either conductive or coated with metal.377 Although coating of the sample is not a strict
requirement, it is standard for non-conductive samples. Emitted or scattered electrons are
captured by a detector, and the varying intensities yield images with well-resolved topographical
information in 3-dimensions.
1.6.3. Gas adsorption analysis
Analysis by gas adsorption can yield significant information about mesoporous solids, such as
specific surface area, pore volume, pore diameter, and pore size distribution, as well as provide
some general, although somewhat ambiguous, insight into morphology. During adsorption,
molecules, often of a gas (adsorbate), adhere to the surface of a substance, usually a solid
(adsorbent).378 The process takes place on the surface of the adsorbent, and the interaction can be
chemical or physical, with van der Waals forces the primary interactions in the latter case, which
can take place in a multilayer fashion and is reversible (the reverse process is termed
desorption).378 In the case of gas adsorption analysis of mesoporous materials, gas molecules at
increasing pressure physically adhere to the surface of the mesoporous material at a temperature
below the critical temperature of the gas, forming multilayers and ultimately filling the
accessible pores of size typically up to 50 nm. The resultant data is displayed as an isotherm
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which shows the amount of gas adsorbed as a function of relative pressure. The relative pressure
is the ratio of the vapor pressure of the sample after equilibrium has been established, to the
saturation vapor pressure (the pressure at which the bulk gas turns into liquid). The isotherm may
include not only an adsorption branch, but a desorption branch as well. There are several distinct
types of isotherms that have been classified by IUPAC.379 Mesoporous materials display type IV
and V isotherms, with SBA-15 typically displaying type IV. The initial part of the isotherm is
associated with monolayer adsorption, as the gas molecules cover the surface of the material in a
single layer. The formation of the monolayer does not typically complete independently, and
there is usually an overlap of monolayer and multilayer formation. If the pore sizes are in the
mesopore range, typically the multilayer adsorption is followed by capillary condensation, which
involves the instantaneous filling of the remaining void space in the pores. The adsorptiondesorption hysteresis loop evident in the adsorption-desorption isotherms results if the reverse
process of desorption (including capillary evaporation) occurs at a different pressure than the
capillary condensation. For nitrogen adsorption under the analysis conditions described herein
(temperature of 77 K), for cylindrical mesopores the hysteresis is evident when the pores being
investigated are greater than 4 nm in diameter.379 IUPAC has classified several types of
hysteresis loops.379 The hysteresis loop of type H1 is commonly observed for adsorptiondesorption on SBA-15. The hysteresis can provide indication of uniformity of cylindrical silicas,
with broader loops implying less uniformity caused by inconsistent diameters along the pores.380
However, if pore ends have intact caps (essentially, sealed ends) a broad hysteresis may be
obtained even with uniform pores. The Brunauer-Emmett-Teller (BET) method can be used to
calculate the specific surface area of a mesoporous material and is based on the attempt to
identify the point of monolayer coverage of the adsorbate on the surface of the adsorbent.381 The
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Barret-Joyner-Halenda (BJH) method allows calculation of the pore-size distribution, by using
the Kelvin equation (with statistical film thickness correction) to correlate pore radius to
capillary evaporation pressure.382 However, the method is more commonly used to do
calculations based on capillary condensation process.
1.6.4. Small angle X-ray scattering
Although gas adsorption analysis can provide important insight into the porosity and surface area
of ordered mesoporous materials, it is limited in its identification of the contrast between ordered
and disordered mesopores.383 When examining ordered mesoporous materials, it is thus helpful
to use gas adsorption in conjunction with complementary methods of analysis.383-384 Small angle
X-ray scattering (SAXS) can be used to determine the unit cell symmetry and the unit cell size,
and may provide some insight into the extent of ordering of the pores and a number of other
properties, making it very useful to assist in the characterization of ordered mesoporous
materials.385 Information about ordering on an atomic scale can be obtained by wide angle X-ray
scattering (WAXS) or X-ray diffraction (XRD) techniques.
The scattering technique involves the interference of secondary waves produced from electrons
in a sample material exposed to X-rays, and so is related to the electron density within the
material.386 Differences in electron density lead to a distribution of intensities and can provide
information on long-range order, interparticle distances, and basic morphology.387 There is an
inverse relationship between the scattering angle and particle size, and in SAXS, scattering
intensity is measured over a small range of angles.386, 388 Scattering at small angles results when
particle size is substantially larger than the x-ray wavelength, thus SAXS can give insight into
structural features on the scale of around 1-100 nm.386, 389 X-rays of smaller wavelength, often
from a copper anode producing wavelengths of about 0.154 nm, are typically used because
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increased wavelengths reduce optimum sample thickness and scattered intensity is reduced
proportionally with sample thickness increase.390 The generated X-ray beam is collimated to
avoid scattering from the incident beam and source X-rays.387 The resultant measured intensity
distributions can be plotted against the 2θ angles to produce a curve with peaks characteristic to
the various lattice planes of the sample type being analyzed.
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Chapter 2 Synthesis Strategy
2.1. Introduction
Pluronic® F127 copolymer has an extensive history in the synthesis of mesoporous materials at
sub-ambient temperatures. In conjunction with a thoughtfully selected swelling agent, Pluronic®
F127 has been used to successfully synthesize LP-FDU-12 (as well as SBA-15, dependent on
experimental conditions) at sub-ambient temperatures.132, 391-392 Swollen micelles of Pluronic®
F127 in a mixed surfactant system with other Pluronic® copolymers containing a higher weight
percent of hydrophobic PPO, have been used to synthesize ULP-SBA-15 of record unit-cell size
and large pore nanotubes with tunable pore diameters at 11 °C.54 At room temperature however,
the unit-cell and pore sizes of FDU-12 silicas templated by swollen micelles of Pluronic® F127
are generally significantly reduced.63, 393 The smaller unit-cell and pore sizes at higher
temperature have been ascribed to the dependence of these parameters on the temperature in
relation to the CMT of the surfactant,63 with the CMT of Pluronic® F127 in the synthesis
medium (2 M HCl) being somewhat above room temperature, while larger unit-cell and pore
sizes are observed well below the CMT394.
Alternatively, Pluronic® F108, with a higher CMT than F127, has been shown63 to template LPFDU-12 in room temperature range (as high as 25 °C), suggesting its suitability for templating
other large-pore mesoporous materials at room temperature. Additionally, the long PEO chains
of F108 are expected256 to suppress cross-linking between composite micelles, promoting
formation of individual particles when the amount of framework precursor is sufficiently low.
For the Pluronic® F127 based mixed surfactant systems54, addition of a cosurfactant with high
PPO content apparently led to an increase in uptake of swelling agent, thus promoting very large
pore sizes. However, in the case of the nanotubes synthesized with swollen micelles of
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Pluronic® F127 surfactant blends54, there was a tendency to flatten, likely due to the relatively
thin walls (compared to the nanotube size) and their flexibility. Being that the PEO chains of
Pluronic® F108 are even longer than those of Pluronic® F127, it could be considered that with
Pluronic® F108 as part of a mixed surfactant system, the potential exists for formation of
individual particles of greater structural integrity.
It was postulated in our work that under the right conditions, Pluronic® F108 along with a
cosurfactant of higher PPO content, could be utilized as part of a unique two-surfactant system to
template large pore ordered mesoporous materials of perhaps unparalleled pore size, and that
with reduction of the relative amount of framework precursor and adjustment of other
experimental parameters, large single nanoparticles such as nanotubes or nanospheres could be
templated. It was furthermore predicted that with the appropriate surfactant mixture and
optimization of experimental parameters, large pore materials of extremely large pore size could
be synthesized around room temperature.
The initial strategy of the described research was to optimize a reaction system to template
silicas with the single Pluronic® surfactant F108, containing a high weight percentage of
hydrophilic blocks (PEO). Explicitly, the goal at that juncture was to discover the optimal subambient conditions required to achieve the most well-defined ordered mesoporous structure
possible, while retaining the largest pore sizes. After determining the aforementioned conditions,
the objective was then to study the effect of addition of a complimentary Pluronic® surfactant
with a similarly sized hydrophilic PPO block to F108, but with much lower weight percentage of
hydrophilic blocks. Pluronic® P104 was initially chosen as the co-surfactant to potentially
maximize attainable pore sizes for ordered mesoporous materials and individual nanoparticles,
while conceivably leading to other nanoparticle morphologies as well.
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2.2. Experimental
2.2.1. Materials
Pluronic® F108 (Lot: WPWH626C) and P104 (Lot: WPDH500B) surfactants were obtained
from BASF corporation and were used as received. Tetraethyl orthosilicate (TEOS) was received
from Acros Organics and used as received. Toluene and hydrochloric acid were used as
received.
2.2.2. Synthesis
2.2.2.1. Synthesis with single surfactant (Pluronic® F108)

In a typical synthesis, 60 mL of 2 M HCl was added into a glass container at the desired
temperature (between 13 and 15 °C) with temperature controlled by a circulating heating/cooling
bath, and 1.0 g of Pluronic® F108 surfactant was dissolved in the HCl solution with magnetic
stirring (350 rpm). After dissolution of the surfactant, the desired amount of swelling agent
(typically 3.0 mL of toluene) was added and the container was covered with parafilm. After
another 30 minutes, 5.95 mL of tetraethyl orthosilicate (TEOS) (3.55 mL or 2.55 mL for
experiments with reduction of TEOS) was added, the container was re-covered, and stirring was
continued for 24 h. After 24 h, the reaction mixture was transferred into a polypropylene
container and subjected to hydrothermal treatment in an oven at 100 °C for 24 h under static
conditions. If the hydrothermal treatment temperature was greater than 100 °C, the mixture was
transferred into an acid digestion vessel for the hydrothermal treatment. Samples were filtered on
a Buchner funnel, washed with distilled water, and dried in a vacuum oven for at least one day.
Portions of the dried samples were calcined in a tube furnace under air at 550 °C (2 °C/min
ramp) for 5 h to remove the organic template.
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2.2.2.2. Synthesis with mixed surfactants (Pluronic® F108/P104)

In a typical synthesis, 60 mL of 2 M HCl was added into a glass container at 15 °C with
temperature controlled by a circulating heating/cooling bath. Various ratios of Pluronic® F108
and P104 surfactant totaling 1.0 g were dissolved in the HCl with magnetic stirring (350 rpm).
After dissolution of the surfactants, the desired amount of swelling agent (typically 3.0 mL of
toluene) was added and the container was covered with parafilm. After another 30 minutes, 5.95
mL of tetraethyl orthosilicate (TEOS) (3.55 mL, 3.05 mL, or 2.55 mL for experiments with
reduction of TEOS) was added. The container was re-covered and stirring was continued for 24
h. After 24 h, the reaction mixture was transferred into a polypropylene container and subjected
to hydrothermal treatment in an oven at 100 °C for 24 h under static conditions. If the
hydrothermal treatment temperature was greater than 100 °C, the mixture was transferred into an
acid digestion vessel for the hydrothermal treatment. Samples were filtered on a Buchner funnel,
washed with distilled water, and dried in a vacuum oven for at least one day. Portions of the
dried samples were calcined in a tube furnace under air at 550 °C (2 °C/min ramp) for 5 h to
remove the organic template.
2.2.3. Analysis
2.2.3.1. Transmission electron microscopy

Transmission electron microscope (TEM) images were obtained on a Tecnai Spirit transmission
electron microscope (FEI Company, Hillsboro, Oregon). The microscope was operated at high
tension with an accelerating voltage of 120 kV and using an objective lens. Samples were
dispersed in ethanol by sonication for 4 or 5 minutes, then dropped onto a 300 mesh, 50-micron
carbon coated copper grid and the solvent was allowed to evaporate.
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2.2.3.2. Gas adsorption analysis

Gas adsorption analyses were carried out on an ASAP™ 2020 Accelerated Surface Area and
Porosity system (Micromeritics Instrument Corporation, Norcross, Georgia). Before analysis,
calcined samples were outgassed under vacuum for 2 hours at 473 K, and analysis was
subsequently carried out at 77 K using nitrogen (N2) gas as adsorbate.
2.2.3.3. Small angle X-ray scattering

Small angle x-ray scattering (SAXS) patterns were acquired using a Nanostar-U small
angle/wide angle x-ray scattering apparatus (Bruker AXS Inc., Madison, Wisconsin) with
rotating-anode generator and a Vantec 2000 small angle detector. Powdered samples were placed
in an aluminum sample holder and secured with Kapton® tape.
2.2.4. Calculations
The specific surface area of silicas was determined from nitrogen adsorption isotherms in the
relative pressure range of 0.04 – 0.20, using the Brunauer-Emmet-Teller method (SBET). Total
pore volume (VT) was determined based on the amount adsorbed at a relative pressure around
0.99. Pore size distributions (PSD) were determined from the adsorption branches of nitrogen
adsorption isotherms using Barrett-Joyner-Halenda (BJH) method along with the Kruk-JaroniecSayari (KJS) correction for cylindrical mesopores. The KJS correction is accurately calibrated
for cylindrical pores up to 7 nm in diameter and has been found to lead to an overestimation of
the diameter of larger cylindrical mesopores, and an underestimation of the diameter of large
spherical mesopores. Pore diameters of the silicas obtained using this method are hence
referenced as nominal pore diameters herein. In cases where the maximum of the pore size
distribution peak was not obvious, the center of the peak was estimated using a Lorentzian
function:
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where A is the area of the curve, w is the width, xc is the center, and y0 is the Y-value offset.

2.3. Optimization of Reaction Conditions for Pluronic® F108
2.3.1. Optimizing initial synthesis temperature
Previous work63 from our group indicated that below 13 °C, Pluronic® F108 templates partly
disordered material with a very broad pore size distribution. For this reason, 13 °C was chosen as
a starting point to find the temperature at which silicas with the largest pore sizes and with
adequate ordering could be templated with Pluronic® F108. As can be seen in Figure 2.1,
synthesis at 13 °C yielded material that displayed a single broad peak on its SAXS pattern. TEM
images (Figure 2.2(A)) imply that the sample is rather inhomogeneous, with segments of ordered
and disordered spherical pores visible, and the material had a very broad pore size distribution
(Figure 2.3).
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Figure 2.1 Small angle X-ray scattering patterns for Pluronic® F108 templated
silicas synthesized at various initial synthesis temperatures. (A) As synthesized,
and (B) calcined at 550 °C.

TEM images of silicas synthesized with an initial synthesis temperature of 13.5 °C (Figure
2.2(B)) and 14.0 °C (Figure 2.2(C)) reveal what may be identified as a face-centered cubic
arrangement. Pore size distributions (Figure 2.3) for silica synthesized with an initial temperature
of 13.5 °C are still somewhat broad, but those for silica synthesized at an initial temperature of
14.0 °C are slightly narrower. TEM and gas adsorption data thus give a general indication that
ordering improved with increased initial temperature, although both SAXS patterns still only
display one obvious peak (Figure 2.1). With an increase of initial synthesis temperature to 14.5
°C, pore size distributions (Figure 2.3) continued to become narrower, and there are additional
peaks visible on the SAXS patterns (Figure 2.1) indicating the material manifests a somewhat
ordered, face-centered cubic morphology (Fm3m symmetry), a conclusion supported by analysis
of TEM images (Figure 2.2(D)).
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Figure 2.2 TEM images of Pluronic® F108 templated silicas synthesized at various initial temperatures. All images are
of as-synthesized materials. (A) 13.0 °C, (B) 13.5 °C, (C) 14.0 °C, and (D) 14.5 °C.
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Figure 2.3 Nitrogen adsorption data for silicas synthesized using Pluronic® F108 template at various temperatures. (A) Nitrogen
adsorption isotherms; (B) Pore size distributions. Isotherms for the samples synthesized at 13.5, 14.0, 14.5, 15.0, and 15.5 °C are
offset by 150, 400, 350, 500, and 550 cm3 STP g-1, respectively.

Synthesis at 15.0 °C produced material with a relatively narrow pore size distribution (Figure
2.3(B)), while preserving the large pore sizes acquired with the lower initial synthesis
temperatures. SAXS patterns (Figure 2.1) were well resolved, and TEM images (Figure 2.4(A,
B)) also reveal a material with well-ordered, large spherical pores. When the initial synthesis
temperature was increased to 15.5 °C, the obtained material yielded SAXS patterns very similar
to those from the material synthesized at 15 °C, with perhaps an incremental improvement
(Figure 2.1). Pore size distributions were much narrower than those for silicas synthesized at
lower temperatures and indicate a smaller pore size (Figure 2.3). TEM images support the
assertion that the material synthesized at initial temperature of 15.5 °C has a very well-ordered
arrangement of spherical pores (Figure 2.4(C,D)).
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Figure 2.4 TEM images of silicas with ordered spherical mesopores. (A) Synthesized at 15.0 °C, as synthesized, (B)
Synthesized at 15.0 °C, calcined, (C) Synthesized at 15.5 °C, as synthesized, and (D) Synthesized at 15.5 °C, calcined.

Some structural parameters for the silicas procured with initial synthesis temperatures of 13 –
15.5 °C are summarized in Table 2.1. Although the BJH-KJS method used herein for calculating
pore size distributions is calibrated for cylindrical mesopores (up to around 7 nm) and so leads to
an underestimation of the diameter of large spherical mesopores such as the ones synthesized
here, the pore sizes and widths of the pore size distributions among individual similar samples
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can be reasonably compared.113, 392 Although the pore size distributions for syntheses at initial
temperatures of 13.0 and 13.5 °C are quite broad, both can be estimated as centered around 22 –
23 nm. For silicas synthesized with initial temperatures of 14.0, 14.5, and 15.0 °C, pore
diameters remain consistent at around 24.6 nm. With initial synthesis temperature of 15.5 °C,
pore diameters decrease to around 22 nm.

Table 2.1 Structural parameters for silicas templated by Pluronic® F108 at varying initial synthesis temperatures

As expected under the employed conditions, large pore FDU-12 silicas of spherical mesopores
arranged in face-centered cubic lattice were templated by Pluronic® F108 and ordering of the
individual samples increased as initial synthesis temperature was increased. Although occurring
at a higher temperature than expected63 there was a point at which an increase in initial synthesis
temperature led to highly ordered FDU-12 with a decreased pore diameter (15.5 °C). The initial
synthesis temperature of 15.0 °C was chosen as starting temperature for further optimization
since under those conditions, well-ordered silica maintaining a relatively large pore size was still
accessible.
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2.3.2. Reduction of relative quantity of framework precursor
For the temperature variation syntheses, the framework precursor (TEOS) was used in excess of
the amount required to obtain the synthesized periodic structures under the applied experimental
conditions63. Therefore, the ratio of framework precursor to surfactant was subsequently reduced
to determine if a better ratio could be determined. The volume of TEOS originally used under the
reaction conditions described previously (Section 2.3.1) for an initial synthesis temperature of 15
°C was reduced first by about 40% (to 3.55 mL), and then by about 57% (to 2.55 mL) from the
initial quantity. Reduction of the TEOS volume from 5.95 mL to 3.55 mL yielded material with
similar nitrogen adsorption isotherms and pore size distributions (Figure 2.5) to that of the
material synthesized with the total originally used amount of TEOS (referred to as 100% TEOS
henceforth), and TEM images (Figure 2.6(A, B)) indicate relatively well-ordered spherical
mesopores. Based on TEM images and pore size distributions, it seems that the periodic structure
was retained with a 40% reduction in volume of TEOS, and the silica was moderately large pore
size FDU-12 comparable to the material synthesized with 100% TEOS (Figure 2.4(A, B)). Still,
the adsorption capacity increased as the TEOS/surfactant ratio was decreased, which is expected
given the pore space being generated by the surfactant template. The volume of TEOS was
subsequently lowered to approximately 43% of the initially used volume (from 5.95 mL to 2.55
mL) with the expectation that either a periodic structure would continue to be obtained if the
amount of TEOS was still sufficient, or individual spheres could be obtained132, 256 if the amount
of TEOS was appropriately low. The silica produced with the further decrease of TEOS appears
quite inhomogeneous in TEM images (Figure 2.6), displaying regions of ordered spheres,
disordered spheres, and SBA-15. The material exhibited a much broader pore size distribution
than those materials synthesized with greater volumes of TEOS, and had considerably larger
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pore sizes (Figure 2.5) centered around 35 nm. While the amount of TEOS was above the
threshold amount needed to produce ordered silica, further decrease of the relative quantity of
TEOS would not necessarily yield individual spheres due to the observed tendency to form a
structure with cylindrical pores (SBA-15). Table 2.2 summarizes some structural parameters of
the silicas synthesized with reduced quantities of TEOS, in comparison to the silica synthesized
with the initial amount of TEOS (5.95 mL).

Figure 2.5 Nitrogen adsorption data for Pluronic® F108 templated silicas synthesized at 15 °C with different amounts of
framework precursor (TEOS). (A) Nitrogen adsorption isotherms, and (B) pore size distributions.
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Figure 2.6 TEM images of Pluronic® F108 templated silicas synthesized with reduced TEOS/surfactant ratio. (A) Assynthesized with 3.55 mL TEOS (40% reduction from initial quantity), (B) calcined with 3.55 mL TEOS, (C) asSynthesized with 2.55 mL TEOS (57% reduction from initial quantity), and (D) calcined with 2.55 mL TEOS.

Table 2.2 Structural parameters for silicas synthesized with reduced relative quantities of TEOS
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2.4. Optimization of Reaction Conditions for Pluronic® F108/P104 Mixture
2.4.1. Varying ratios of surfactants under initial conditions
Based on results of the syntheses with Pluronic® F108 as a sole surfactant (Section 2.3), the
reaction conditions with an initial reaction temperature of 15 °C were chosen as a starting point
to develop a mixed surfactant system with Pluronic® P104. Initially, a series of Pluronic®
F108/P104 templated silicas was synthesized by systematically varying the weight percentage of
Pluronic® P104 in relation to the combined total surfactant masses, from 10 – 40%. For an
example of the notation, the sample labeled 10% P104 was templated by a mixture of 10% by
weight Pluronic® P104 and 90% by weight Pluronic® F108. A replacement of even 10% of the
weight of Pluronic® F108 with Pluronic® P104 led to a change in structural morphology from
that obtained with Pluronic® F108 alone as a template. The relative positions of peaks on SAXS
patterns (Figure 2.7) indicate that the synthesized material has 2-D hexagonal structure, although
a shoulder on the (100) reflection, as well as a shoulder on the pore size distribution (Figure
2.8(B)) likely indicate a contamination.
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Figure 2.7 Small angle X-ray scattering patterns of silicas synthesized with varying weight
percent ratios in Pluronic® F108/P104 mixtures. Percentages reflect weight percent
Pluronic® P104 of total surfactant weight. All samples synthesized with 48 h time interval
between addition of toluene and TEOS except 30% P104* which had a 0.5 h time interval.
(A) As-synthesized, and (B) calcined at 550 °C.

An increase to 20% Pluronic® P104 produced a material that could also be identified through
SAXS patterns as having 2-D hexagonal structure, although in this case the peak for (110) is
barely discernible (Figure 2.7). Pore size distributions (Figure 2.8) suggest a much larger pore
size, although it should be recognized that all of the pore diameters in this series are nominal
values, and they are likely overestimated since the method used is not calibrated for large-sized
cylindrical pores such as these. The hysteresis loops on nitrogen adsorption isotherms for
samples with 10% and 20% Pluronic® P104 (and in fact for all of this series of samples
synthesized with varying amounts of Pluronic® P104) are broad and desorption branches display
a steep drop at the lower limit of adsorption-desorption hysteresis, indicating that pore entrances
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are considerably smaller than the pore diameters, ostensibly below 5 nm (Figure 2.8). The 2-D
hexagonal structure is distinctly visible in TEM images of the silicas synthesized in this series
(Figure 2.9).

Figure 2.8 Nitrogen adsorption data for silicas synthesized at 15 °C with varying weight percent ratios in Pluronic® P104/F108
mixtures. (A) Nitrogen adsorption isotherms and (B) pore size distributions. Percentages reflect weight percent of Pluronic®
P104 out of total surfactant weight. All samples synthesized with 48 h wait time between addition of toluene and TEOS except
30% P104* which had 0.5 h wait time. Isotherms for samples labeled 20% P104, 30% P104, 30% P104*, and 40% P104 have been
offset vertically by 100, 400, 600, and 800 cm3 STP g-1, respectively.
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Figure 2.9 TEM images of silicas synthesized with varying weight percent ratios in Pluronic® P104/F108 mixtures. Time
between addition of swelling agent and framework precursor was 48 hours. Percentages reflect weight percent
Pluronic® P104 of total surfactant weight. (A) 10% as-synthesized, (B) 10% calcined, (C) 20% as-synthesized, (D) 20%
calcined.

Syntheses with the weight percent of Pluronic® P104 increased to 30% and subsequently to 40%
yielded material with well-resolved SAXS patterns clearly identifiable as 2-D hexagonal (Figure
2.7). Pore size distributions show a continuation of the trend of increasing pore diameter with
increasing percentage of Pluronic® P104, although they become wider as the amounts of
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Pluronic® P104 and the pore sizes increase (Figure 2.8). The 2-D hexagonal structure is also
distinctly visible in TEM images of the silicas synthesized in this series (Figure 2.10). The
cylindrical mesopores appear well-ordered, though some contamination becomes visible and
increases as the weight percent of Pluronic® P104 increases.
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Figure 2.10 TEM images of silicas synthesized with varying weight percent ratios in Pluronic® P104/F108 mixtures.
Time between addition of swelling agent and framework precursor was 48 hours. Percentages reflect weight percent
Pluronic® P104 of total surfactant weight. (A) 30% as-synthesized, (B) 30% calcined, (C) 40% as-synthesized, (D) 40%
calcined.
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2.4.2. Modification of addition time interval of framework precursor
Table 2.3 summarizes some of the structural parameters for the ordered mesoporous silicas
described in Section 2.4.1. The samples synthesized with a 48 h time interval between addition
of toluene and TEOS have very large d100 interplanar spacings ranging from 22 to 25 nm for
calcined samples (24 to 27 nm for as-synthesized samples), and correspondingly large unit-cell
parameters ranging from 25 to 29 nm for calcined samples (27 to 31 nm for as-synthesized
samples). The synthesis with 30% Pluronic® P104 and 48 h time interval between addition of
toluene and TEOS yielded well-ordered ULP-SBA-15 with the largest (as-synthesized) d100 and
unit-cell parameter of all the silicas synthesized with 48 h waiting time. This synthesis was
repeated with a reduction of time between the addition of toluene and TEOS to 0.5 h and the
obtained material is comparable to that produced with the much longer addition time intervals
(Figure 2.7 and Figure 2.8) but has the largest (100) interplanar spacings and unit-cell parameter
of this series of silicas (Table 2.3). TEM images indicate a well-ordered 2-D hexagonally
arranged material quite similar to that obtained with 48 h addition time interval (Figure 2.11).
Based on these considerations, the addition time interval was lowered to 0.5 h for subsequent
syntheses.

Table 2.3 Structural parameters for silicas synthesized with increasing weight percent of Pluronic® P104
in Pluronic®P104/ F108 mixturesa
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Figure 2.11 TEM images of as-synthesized silicas synthesized with a mixture of 30% by weight of Pluronic® P104 with
70% by weight Pluronic® F108. (A) synthesized with 48 h wait time between addition of toluene and TEOS, and (B)
synthesized with 0.5 h wait between addition of toluene and TEOS.

2.4.3. Varying ratios of co-surfactant under modified conditions
The syntheses templated by Pluronic® F108/P104 mixture and employing 10 – 40% by weight
of Pluronic® P104 were repeated under the same conditions except with the addition time
interval between toluene and TEOS reduced to 0.5 h. Additionally, the series was extended to
include syntheses with 50, 60, 70, and 100% Pluronic® P104. Pore size distributions for 10 –
30% Pluronic® P104 show a similar trend to samples synthesized with the longer addition time
interval, i.e., large successive increase in nominal pore diameters (Figure 2.12). The materials
appear to be well-ordered arrangements of cylindrical mesopores based on TEM (Figure 2.13),
and like the silicas synthesized with 48 h addition time interval, can be identified as ULP-SBA15 (see SAXS patterns for 30% P104* in Figure 2.7).
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Figure 2.12 Nitrogen adsorption isotherms and (B) pore size distributions for silicas synthesized with varying weight percent
ratios in Pluronic® P104/F108 mixtures, with 0.5 h between addition of toluene and TEOS. Isotherms for samples prepared with
20, 30, 40, 50, 60, 70, and 100% Pluronic® P104 have been offset vertically by 400, 600, 1200, 1600, 2100, 2600, and 3300 cm3
STP g-1, respectively.
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Figure 2.13 TEM images of silicas synthesized with varying weight percent ratios in Pluronic® P104/F108
mixtures. Time between addition of swelling agent and framework precursor was 0.5 hours. (A) 10% assynthesized, (B) 10% calcined, (C) 20% as-synthesized, (D) 20% calcined, (E) 30% as-synthesized, and (F)
30% calcined.
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Silicas synthesized with weight percentages of Pluronic® P104 greater than 30% do not
demonstrate successive increases of pore size. Nominal pore diameters of material employing
40% Pluronic® P104 are slightly smaller than for the material synthesized with 30% Pluronic®
P104, and the material synthesized with 60% Pluronic® P104 has much smaller pore sizes than
50% Pluronic® P104 templated silica. There is also a noticeable broadening of the pore size
distributions as the weight percent of Pluronic® P104 is increased. This can be explained in part
through examination of TEM images which indicate a progressive loss of homogeneity as the
weight percent of Pluronic® P104 is raised above 40% (Figure 2.14), with fewer ordered
domains of SBA-15 along with increasing regions of what appears to be a mesocellular foam.
Table 2.4 provides some structural parameters for the series of silicas synthesized with reduced
time between addition of swelling agent and framework precursor. Although silicas synthesized
with 50 and 70% Pluronic® P104 have exceptionally large nominal pore diameters, the quality
and extent of SBA-15 content in these silicas appears greatly decreased. Material synthesized
with 30% Pluronic® P104 still has a very large (100) interplanar spacing and is well-ordered
based on SAXS patterns (Figure 2.7) and TEM images (Figure 2.13). As these conditions
evidently yield good quality SBA-15 of quite large pore size, the conditions with reduced
addition interval and 30% Pluronic® P104 were selected for further optimization.
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Figure 2.14 TEM images of as-synthesized silicas synthesized with varying weight percent ratios in Pluronic®
P104/F108 mixtures. Time between addition of toluene and TEOS was 0.5 h. (A) 40%, (B) 50%, (C) 60%, and (D) 70%
weight percent Pluronic® P104.

81

Table 2.4 Some structural parameters for silicas synthesized with increasing weight
percent ratios in Pluronic® P104/F108 mixtures.

2.4.4. Reduction of relative quantity of framework precursor
Using conditions with 30% Pluronic® P104 and 0.5 h time interval between addition of toluene
and TEOS, a series of silicas were synthesized using reduced volumes of TEOS, in order to
determine if individual nanotubes (or perhaps other structures) could be obtained. The reduction
of TEOS volume by 40% (from 5.95 mL to 3.55 mL) resulted in a material having very large
nominal pore size (about 40 nm, see Figure 2.15). Aside from a prominent (100) peak, SAXS
patterns show a broad peak that could be an overlap of (110) and (200) peaks, and a small bump
in (300) position, allowing the material to be tentatively characterized as 2-D hexagonal structure
(Figure 2.16). TEM images (Figure 2.17(A, B)) reveal that the examined material is primarily
well-ordered SBA-15, although not pure, having some regions with ordered and/or disordered
spheres as well. Further characterization and discussion of this material is included in Chapter 3.
Subsequent reduction of the original TEOS volume by 49% (from 5.95 mL to 3.05 mL)
produced material with even larger nominal pore size than that obtained from the reduction by
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40%, although with only two obvious peaks on its SAXS pattern (Figure 2.16). TEM indicates
that the majority of the material is SBA-15, but with quite a bit of sphere contamination and with
some other structural motifs present (Figure 2.17(C, D)). Further characterization and discussion
of this material is included in Chapter 3.
Material synthesized with a reduction of the original TEOS volume by 57% (from 5.95 mL to
2.55 mL) afforded a rather featureless SAXS pattern (Figure 2.16) suggesting a lack of structural
ordering. The lack of 2-D or 3-D ordered mesopores is confirmed by TEM images (Figure
2.17(E, F)) that appear to include some spheres, tube fragments and other fragmented material,
and what appear to be double-helically wound nanotubes, which are very unusual and interesting
structures. Pore size distributions (Figure 2.15) indicate very large pore diameter but are very
broad suggesting lack of pore uniformity or different size pores with overlapping diameters.
Optimization and extension of these synthesis conditions is described in Chapter 5.
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Figure 2.15 Nitrogen adsorption data for silicas synthesized with a mixture of 30% by weight Pluronic® P104 with 70% by weight
Pluronic® F108, and reduced amounts of framework precursor (TEOS). (A) Nitrogen adsorption isotherms, and (B) pore size
distributions. Nitrogen adsorption isotherms for samples synthesized with 3.05 mL TEOS and 2.55 mL TEOS have been offset
vertically by 450 and 900 cm3 STP g-1, respectively.
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Figure 2.16 Small angle X-ray scattering patterns for silicas synthesized with a mixture of 30% by weight
Pluronic® P104 with 70% by weight Pluronic® F108, and reduced amounts of framework precursor (TEOS). (A)
As-synthesized, and (B) calcined at 550 °C.
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Figure 2.17 TEM images of Pluronic® F108/P104 templated silicas synthesized at 15 °C with incrementally
reduced volumes of TEOS. (A) 3.55 mL TEOS as-synthesized, (B) 3.55 mL TEOS calcined, (C) 3.05 mL TEOS
as-synthesized, (D) 3.05 mL TEOS calcined, (E) 2.55 mL TEOS as-synthesized, and (F) 2.55 mL TEOS
calcined.
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Chapter 3 Synthesis of Ultra-large-pore SBA-15 at Room
Temperature
3.1. Introduction
Chapter 2 elucidated the strategy that led to synthesis of ultra-large-pore SBA-15 (ULP-SBA15) of quite large pore size at sub-ambient temperature using a combination of Pluronic® F108
and Pluronic® P104 copolymers as templates. Section 2.4.4 introduced syntheses that involved
reducing the amount of framework precursor used, considerably increasing the (100) interplanar
spacings (and presumably pore sizes) of the silicas obtained. These ULP-SBA-15 silicas have
interplanar spacings which are among the largest reported in the literature. In Section 3.3.1 of
this chapter, those silicas of increased pore size will be examined in greater detail.
Since a primary part of the rationale behind working with an F108 based mixed surfactant
system was the attempt to synthesize large-pore mesoporous materials at room temperature, the
synthesis procedures used to obtain ULP-SBA-15 at 15 °C were subsequently modified and
extended in an attempt to achieve similar silicas at room temperature. This undertaking was
successful, and synthesis of ULP-SBA-15 at room temperature, with and without temperature
control, is described in detail in Section 3.3.2.

3.2. Experimental
3.2.1. Materials
Pluronic® F108 (Lot: WPWH626C) and P104 (Lot: WPDH500B) surfactants were obtained
from BASF corporation and were used as received. Tetraethyl orthosilicate (TEOS) was obtained
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from Acros Organics and used as received. Toluene and hydrochloric acid were used as
received.
3.2.2. Synthesis
3.2.2.1. Synthesis of ULP-SBA-15 at 15 °C

The essential synthesis of ULP-SBA-15 at 15 °C was described in Section 2.2.2.2. The relative
surfactant amounts were 70% by weight Pluronic® F108 and 30% by weight Pluronic® P104.
3.2.2.2. Synthesis of ULP-SBA-15 at or around room temperature

In a typical synthesis, 60 mL of 2 M HCl was added into a glass container at 25 °C with
temperature controlled by a circulating heating/cooling bath, or in a polypropylene bottle at room
temperature without temperature control. 70% by weight Pluronic® F108 and 30% by weight
Pluronic® P104 surfactants totaling 1.0 g were dissolved in the HCl with magnetic stirring (350
rpm or 250 rpm). After dissolution, the desired amount of toluene (3.0 mL or 4.0 mL) was added
and the container was covered with parafilm (or the cap was screwed on for the polypropylene
bottle). After another 30 minutes, the desired amount of TEOS (typically 5.95 mL) was added,
the container was re-covered as described previously, and stirring was continued for 24 hours.
The reaction mixture was then transferred into a polypropylene container (or kept in the
container in the case of the syntheses without temperature control) and subjected to hydrothermal
treatment in an oven, typically at 100 °C for 24 hours under static conditions. If the hydrothermal
treatment was 130 °C, the mixture was transferred into an acid digestion vessel for hydrothermal
treatment. Samples were filtered on a Buchner funnel, washed with distilled water, and dried in a
vacuum oven for at least one day. Portions of the dried samples were calcined in a tube furnace
under air at 550 °C (2 °C/min ramp) for 5 h to remove the organic template.
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3.2.3. Analysis
3.2.3.1. Transmission electron microscopy

Transmission electron microscope (TEM) images were obtained on a Tecnai Spirit transmission
electron microscope (FEI Company, Hillsboro, Oregon). The microscope was operated at high
tension with an accelerating voltage of 120 kV and using an objective lens. Samples were
dispersed in ethanol by sonication for 4 or 5 minutes, then dropped onto a 300 mesh, 50-micron
carbon coated copper grid and the solvent was allowed to evaporate.
3.2.3.2. Gas adsorption analyses

Gas adsorption analyses were carried out on an ASAP™ 2020 Accelerated Surface Area and
Porosity system (Micromeritics Instrument Corporation, Norcross, Georgia). Before analysis,
calcined samples were outgassed under vacuum for 2 hours at 473 K, and analysis was
subsequently carried out at 77 K using nitrogen (N2) gas as adsorbate.
3.2.3.3. Small angle x-ray scattering

Small angle x-ray scattering (SAXS) patterns were acquired using a Nanostar-U small
angle/wide angle x-ray scattering apparatus (Bruker AXS Inc., Madison, Wisconsin) with
rotating-anode generator and a Vantec 2000 small angle detector. Powdered samples were placed
in an aluminum sample holder and secured with Kapton® tape.
3.2.4. Calculations
The specific surface area of silicas was determined from nitrogen adsorption isotherms in the
relative pressure range of 0.04 – 0.20, using the Brunauer-Emmet-Teller method (SBET). Total
pore volume (VT) was determined based on the amount adsorbed at a relative pressure around
0.99. Pore size distributions (PSD) were determined from the adsorption branches of nitrogen
adsorption isotherms using Barrett-Joyner-Halenda (BJH) method along with the Kruk-Jaroniec89

Sayari (KJS) correction for cylindrical mesopores. The KJS correction is accurately calibrated
for pores only up to 7 nm in diameter and has been found to lead to an overestimation of the
diameter of larger cylindrical mesopores. Pore diameters of the ULP-SBA-15 obtained using this
method are hence referenced as nominal pore diameters herein. In cases where the maximum of
the pore size distribution peak was not obvious, the center of the peak was estimated using a
Lorentzian function:
𝐴𝐴
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where A is the area of the curve, w is the width, xc is the center, and y0 is the Y-value offset.

3.3. Results and Discussion
3.3.1. ULP-SBA-15 at 15 °C
3.3.1.1. Characterization of material synthesized at 15 °C

As described in Chapter 2, silicas were synthesized using 30% by weight Pluronic® P104 with
70% by weight Pluronic® F108 as combined surfactants, and using amounts of TEOS reduced
from the original amount used during the development of the synthesis. TEM images (Figure
3.1(A)) of the material synthesized using 3.55 mL of TEOS (60% of original amount) indicate a
well-ordered 2-D hexagonal structure (SBA-15) with some contamination with material with
spherical pores. The 2-D hexagonal structure was supported by SAXS patterns (Figure 3.2), with
no obvious indication of the latter contamination visible in the pattterns. The material
synthesized with 3.05 mL TEOS (51% of original amount) is also primarily SBA-15 (2-D
hexagonal), but with heavier spherical-pore-structure contamination (Figure 3.1(B)). SAXS
patterns (Figure 3.2) are still consistent with 2-D hexagonal structure (SBA-15) but with only
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two obvious peaks, one being broad perhaps due to a smaller ordered domain size, possibly
combined with a decrease in short-range order.

A

B

Figure 3.1 TEM images of as-synthesized, Pluronic® F108/P104 templated ULP-SBA-15 synthesized at 15 °C. (A)
Synthesized with 3.55 mL of TEOS, and (B) synthesized with 3.05 mL of TEOS.
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Figure 3.2 Small angle X-ray scattering patterns for (A) as-synthesized, and (B) calcined silicas
templated with Pluronic® P104/F108 template and synthesized at 15 °C with 60% (3.55 mL)
and 51% (3.05 mL) of originally used amount of TEOS.

3.3.1.2. Adjustment of hydrothermal treatment temperature

The silicas discussed thus far where synthesized with a hydrothermal treatment of 100 °C for 24
h. In an attempt to increase pore size and attain even better resolved SAXS patterns, the
syntheses with reduced amounts of TEOS were repeated, but with increased temperatures in the
hydrothermal treatment steps. When the synthesis with 3.55 mL of TEOS was repeated with a
hydrothermal treatment of 130 °C, the nitrogen adsorption isotherm (Figure 3.3(A)) had a much
narrower hysteresis and the desorption branch was missing the steep drop at lower limit of
hysteresis found in the isotherm of the sample with 100 °C treatment. This indicates that the
increased hydrothermal treatment temperature assisted in the elimination of constrictions
(probably 5 nm or less) to the primary mesopores. Based on TEM images, the sample appears to
be ULP-SBA-15 of good quality, comparable to that synthesized with lower hydrothermal
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treatment temperature ( Figure 3.4(A)). The increased temperature was also expected to increase
the pore sizes by reduction of framework shrinkage during calcination and by decreasing the
thickness of the pore walls.134 Surprisingly though, there was no increase in nominal pore
diameter (Figure 3.3(B)) for the sample prepared with the higher hydrothermal treatment. The
synthesis with 3.05 mL of TEOS was also repeated with an increase of hydrothermal treatment
temperature to 130 °C. The resulting material had a very wide pore size distribution (Figure
3.3(B)) suggesting inhomogeneity. In TEM images (Figure 3.4(B)), the material appears to
consist of SBA-15, tube bundles, and aggregated spheres. Hydrothermal treatment at the higher
temperature may have impeded consolidation of smaller domains or caused larger particles that
were previously formed to fragment into smaller segments, or perhaps a combination of both.
The reduction in extent of consolidation upon hydrothermal treatment is a behavior that has been
seen in the past, although the synthesis conditions were different (including higher temperature
and pH, and different Pluronic® surfactant and silica source).395
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Figure 3.3 Nitrogen adsorption data for ULP-SBA-15 silicas with different hydrothermal treatment temperatures. T = volume
of TEOS (mL), HT = hydrothermal treatment temperature (°C). (A) Nitrogen adsorption isotherms, and (B) pore size
distributions. Isotherms for 355T 130HT, 305T 100HT, and 305T 130HT were offset vertically by 600, 1200, and 1900 cm3 STP
g-1, respectively.
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Figure 3.4 TEM images of silicas synthesized with initial synthesis temperature of 15 °C and increased hydrothermal
treatment temperatures. Images are of as-synthesized samples. (A) 3.55 mL TEOS and hydrothermal treatment at 130
°C for 24 h, (B) 3.05 mL TEOS and hydrothermal treatment at 130 °C for 24 h.

3.3.1.3. Parameter modifications

A synthesis was done with several experimental parameters modified. The total amount of
surfactant was reduced by 25% (0.75 g total) and the relative amount of P104 used was increased
from 30% to 35% (0.262 g P104, 0.488 g F108). In addition, the volume of toluene was reduced
by 25% (2.25 mL), the amount of TEOS was reduced to 2.2 mL, and the stirring speed was
reduced from 350 rpm to 200 rpm. Based on TEM images (Figure 3.5) the majority of the
material produced appears to be SBA-15 (and perhaps some tube bundles) with quite a bit of
spherical contamination and may be lacking in long range order. The material has a very large
nominal pore size of over 50 nm (Figure 3.6(B)), and although in such cases spheres are
generally expected to be have larger pore diameters, the pore size distribution here is
monomodal, indicating that pore diameters of the cylindrical component may overlap with those
of the spherical component.
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Figure 3.5 TEM images of as-synthesized silica synthesized at 15 °C with several modified parameters.

Figure 3.6 Nitrogen adsorption data for silica synthesized at 15 °C with several modified parameters. (A) Nitrogen adsorption
isotherms, and (B) pore size distributions.
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3.3.1.4. Summary

Table 3.1 summarizes some of the structural parameters for the silicas synthesized at 15 °C with
different volumes of TEOS. All of the materials can be classified as ULP-SBA-15. The material
synthesized with 5.95 mL of TEOS is well-ordered and has very large (100) interplanar spacing
of 25.7 nm for calcined sample (27.0 nm for as-synthesized) positioning it among the largest
reported for SBA-15 silicas. The silica synthesized with 3.55 mL of TEOS has even larger (100)
interplanar spacing of 30.5 nm for calcined sample (32.1 nm for as-synthesized), making it the
largest d100 for an SBA-15 sample reported until very recently.52-54 While the d100 is larger than
those previously reported by Cao et al.52-53, it is slightly smaller than the 33 nm reported for assynthesized samples by Farid and Kruk54. The sample synthesized with 3.05 mL of TEOS
however, has exceptionally large (100) interplanar spacings (33.3 nm for calcined sample and
34.7 nm for as-synthesized), making it the largest reported to date. It was concluded that in the
two systems under investigation, increased pore sizes could not easily be achieved through
adjustment of hydrothermal treatment. The broad pore size distribution after the higher
hydrothermal treatment (130 °C) for the sample synthesized with 3.05 mL TEOS could stem
from structural fragility, possibly due to thin walls and/or insufficient or reversible consolidation.
Nevertheless, ULP-SBA-15 of record size was synthesized at sub-ambient temperatures using a
mixture of Pluronic® F108 and Pluronic® P104 surfactants.

Table 3.1 Structural parameters for SBA-15 silicas synthesized at 15 °C with varying amounts of TEOS
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3.3.2. ULP-SBA-15 at room temperature
3.3.2.1. Initial synthesis at 25 °C

To attempt synthesis of ULP-SBA-15 at ambient temperatures, the synthesis parameters
previously used in the synthesis of ULP-SBA-15 at 15 °C with 5.95 mL TEOS were applied at
25 °C, with temperature control. SAXS patterns of the obtained silica contain several peaks and
shoulders that can be indexed as reflections of P6mm space group characteristic of hexagonal
mesostructure, indicating formation of large pore SBA-15 (Figure 3.7). The silica had very large
(100) interplanar spacing with d100 values of 26.0 nm for calcined, and 27.2 nm for assynthesized material, correlating to a unit-cell parameter of 30.0 nm and 31.4 nm respectively.
Pore size distributions give a nominal pore size of 26.9 nm and nitrogen adsorption isotherms are
characteristic of SBA-15 with constrictions to the primary mesopores (Figure 3.8). TEM images
(Figure 3.9) support the conclusion that the material is well-ordered ULP-SBA-15 of comparable
quality to that synthesized under similar conditions, but at 15 °C.
The synthesis was repeated with hydrothermal treatment temperature increased from 100 °C to
130 °C while retaining the treatment time at 24 h. Based on TEM images (Figure 3.9), the
material appears to be primarily well-ordered SBA-15, although spherical pores or ordered
arrays of spherical pores appear to be present. Nitrogen adsorption isotherms indicate that the
constrictions to the mesopores were widened, signified by loss of the steep drop of the desorption
branch at the lower limit of hysteresis (Figure 3.8). The hysteresis loop, however, was still broad,
indicating that the entrances to the mesopores are still of a width considerably smaller than the
mesopore diameter. The decline on the desorption branch of the isotherm took place in a relative
pressure range of 0.5 – 0.7, which suggests a pore entrance diameter of 5 - 10 nm. While the pore
size distribution (Figure 3.8) is narrower than that of the material synthesized with 100 °C
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treatment, the pore size was decreased, with a nominal pore diameter of 24.0 nm. Although pore
size increase is normally expected with increased hydrothermal temperature, the currently
described decrease is consistent with the results obtained with synthesis at 15 °C (with 3.55 mL
TEOS) and may be an inherent characteristic of this particular system.

Figure 3.7 Small-angle X-ray scattering patterns for ULP-SBA-15 synthesized at 25 °C with 5.95 mL
TEOS. (A) As-synthesized, and (B) calcined at 550 °C.
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Figure 3.8 Nitrogen adsorption data for ULP-SBA-15 synthesized at 25 °C and with different hydrothermal treatment times.
100HT = treatment at 100 °C for 24 h; 130HT = treatment at 130 °C for 24 h. (A) Nitrogen adsorption isotherms, and (B) pore
size distributions.
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Figure 3.9 TEM images of Pluronic® F108/P104 templated ULP-SBA-15 synthesized at 25 °C with different
hydrothermal treatment (HT) temperatures. (A) 100 °C HT as-synthesized, (B) 100 °C HT calcined at 550 °C, (C) 130 °C
HT as-synthesized, and (D) 130 °C HT calcined at 550 °C.

3.3.2.2. Addition time interval for framework precursor

Pluronic® surfactant templated SBA-15 silicas with the largest reported pore sizes have in most
cases been synthesized under conditions wherein the swelling agent and the framework precursor
were added simultaneously (or after a short interval), rather than with an extended time interval
between.52-54, 132 Nevertheless, the ideal time spacing between addition of the swelling agent and
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the framework precursor likely varies with other experimental conditions, making it difficult to
determine. It has been established that in low temperature, single Pluronic® surfactant templated
synthesis involving Pluronic® F127, 2-D hexagonal mesostructure is favored when the swelling
agent and the framework precursor are added simultaneously, while spherical mesopores are
favored as the time interval between additions is increased.132 In that case, reduced stirring rate
along with simultaneous addition of toluene and TEOS resulted in highly ordered SBA-15.132
The effect of modifying the time interval between addition of the swelling agent (toluene) and
addition of the framework precursor (TEOS) for the currently described 25 °C syntheses was
herein examined. In most of the 25 °C syntheses described thus far, the time interval between
addition of toluene and TEOS was 0.5 h. The basic synthesis was repeated with the time interval
eliminated; TEOS was added immediately after addition of toluene. When TEOS was added
immediately after toluene with 350 rpm stirring speed, the material obtained presented SAXS
patterns that were somewhat featureless (Figure 3.10). TEM images (Figure 3.11(A)) reveal that
the hexagonal mesostructure was not formed with the elimination of the addition time interval in
this case. The silica resembles a disordered aggregation of spheres, or a mesocellular foam. The
pore size distribution (Figure 3.12) for this material suggests that it is somewhat monodisperse,
with a nominal pore size (~20 nm) that is much smaller than that of the material synthesized with
a 0.5 h addition time interval.
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Figure 3.10 Small-angle X-ray scattering patterns for silicas synthesized with 5.95 mL TEOS, elimination
of the time interval between addition of toluene and TEOS, and different stirring speeds. (A) Assynthesized, and (B) calcined at 550 °C.
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Figure 3.11 TEM images of silicas synthesized with 5.95 mL TEOS, elimination of the time interval between addition of
toluene and TEOS, and different stirring speeds. Samples were calcined at 550 °C. (A) Synthesized with 350 rpm stirring
rate, and (B) synthesized with 250 rpm stirring rate.
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The synthesis was repeated with the stirring rate reduced to determine if the hexagonal
mesostructure could be preserved. When the stirring rate was reduced from 350 rpm to 250 rpm,
the obtained silica produced SAXS patterns (Figure 3.10) that allow clear identification of an
ordered hexagonal structure, an inference supported by TEM images (Figure 3.11) that primarily
depict cylindrical mesopores with long-range ordering. The pore size distribution for this
material is considerably narrower than that of the material synthesized with 0.5 h addition
interval and 350 rpm stirring rate, although the nominal pore size is also considerably smaller
(~22 nm).

Figure 3.12 Nitrogen adsorption data for silicas synthesized with 5.95 mL TEOS, elimination of addition time between toluene
and TEOS, and different stirring speeds. (A) Nitrogen adsorption isotherms, and (B) pore size distributions.
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3.3.2.3. Increase of swelling agent volume

The mixture of triblock copolymers used to template these reactions consists of 70% by weight
of a copolymer with a high percentage of hydrophilic PEO blocks (Pluronic® F108), and 30% by
weight of a copolymer with a high percentage of hydrophobic PPO blocks (Pluronic® P104).
The addition of the copolymer with a high percentage of hydrophobic blocks is thought to
increase the uptake of swelling agent into the core of the micelles, which therefore should
increase pore sizes of the templated materials. To examine the validity of that assumption in this
particular system, the conditions used for the initial synthesis at 25 °C were used, but with the
amount of toluene increased from 3.0 mL to 4.0 mL. The resulting silica had a relatively narrow
pore size distribution with a nominal pore size close to 27 nm, equivalent with the silica from the
initial synthesis at 25 °C (Figure 3.13). Nitrogen adsorption isotherms were similar to those of
the other SBA-15 silicas synthesized at 25 °C. TEM images (Figure 3.14) show SBA-15, but
with quite a bit of contamination, either spherical or mesocellular foam. Based on TEM and the
pore size distribution, it would seem that the increased volume of swelling agent did not increase
pore diameters, and likely contributed to an increased inhomogeneity in the synthesized silica.
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Figure 3.13 Nitrogen adsorption data for silica synthesized at 25 °C with 5.95 mL TEOS and increased volume of toluene (4
mL). (A) Nitrogen adsorption isotherms, and (B) pore size distribution.

A

B

Figure 3.14 TEM images of silica synthesized at 25 °C with 4.0 mL toluene. (A) As-synthesized, and (B) calcined at 550
°C.
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3.3.2.4. Reduction of framework precursor volume

The amount of TEOS used in the original synthesis at 25 °C (5.95 mL) was likely above the
optimal amount required to prepare ULP-SBA-15 of high quality, and the stirring rate of 350
rpm is faster than that typically used for synthesis of ULP-SBA-15. With this in mind, the 25 °C
synthesis was repeated with the amount of TEOS reduced to 4.8 mL and at two different stirring
rates: the originally used 350 rpm and a slower stirring rate of 250 rpm. Nitrogen adsorption
isotherms (Figure 3.15) for the silicas synthesized at different stirring speeds are very similar to
each other and characteristic of most of the SBA-15 silicas synthesized at 25 °C. The pore size
distribution (Figure 3.15) of the material synthesized with 350 rpm stirring rate is somewhat
broad, but the nominal pore size is over 30 nm, which is very large and the largest of the silicas
synthesized at 25 °C. Hexagonally ordered cylindrical mesopores are evident in TEM images
(Figure 3.16), along with significant spherical contamination. The material synthesized with a
stirring rate of 250 rpm has a nominal pore size of 27 nm, equivalent to the ULP-SBA-15
synthesized under the original conditions, but with a narrower pore size distribution (Figure
3.15). Based on TEM images (Figure 3.16), this silica is primarily SBA-15 and appears to be
more homogeneous than the silica originally synthesized at 25 °C with 5.95 mL TEOS and 350
rpm stirring rate.

107

Figure 3.15 Nitrogen adsorption data for silicas synthesized at 25 °C with 4.8 mL TEOS and different stirring speeds. (A)
Nitrogen adsorption isotherms, and (B) pore size distributions.

A

B

Figure 3.16 TEM images of as-synthesized silicas synthesized at 25 °C with 4.8 mL TEOS and different stirring speeds.
(A) 350 rpm stirring rate, and (B) 250 rpm stirring rate.
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3.3.2.5. Synthesis without temperature control

After establishing that ULP-SBA-15 could be synthesized at 25 °C with temperature control, the
synthesis was then attempted using the described experimental parameters, except in ambient
conditions without any temperature control. Also, instead of synthesis being conducted in a glass
container with temperature controlled by a water circulating bath, synthesis without temperature
control was conducted in a sealed polypropylene container. Based on pore size distribution
(Figure 3.17), nominal pore size of the resultant material was 26 nm, essentially equivalent to the
silica synthesized with temperature control. The silica is identifiable as SBA-15 in TEM images
(Figure 3.18), and seems to be at least of comparable quality to that originally synthesized at 25
°C, and perhaps of slightly better quality.
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Figure 3.17 Nitrogen adsorption data for Pluronic® F108/P104 templated ULP-SBA-15 synthesized at room temperature
without temperature control. (A) Nitrogen adsorption isotherms, and (B) pore size distributions.

A

B

Figure 3.18 TEM images of Pluronic® F108/P104 templated ULP-SBA-15 synthesized at room temperature without
temperature control. (A) As-synthesized, and (B) calcined at 550 °C.
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3.3.2.6. Summary

Figure 3.19 shows a comparison of nitrogen adsorption isotherms and pore size distributions for
all of the silicas identifiable as ULP-SBA-15 and synthesized at 25 °C or room temperature, and
Table 3.2 summarizes selected structural parameters that were obtained for these silicas. These
silicas are typified by large surface areas and relatively large pore volumes; and for silicas
synthesized at ambient temperatures, exceptionally large nominal pore sizes ranging from 22 –
30 nm. Previous work in our group with mixed Pluronic® surfactants (F127/P123) showed an
invariance, for the most part, in unit-cell sizes of ULP-SBA-15 obtained at synthesis
temperatures from 11 – 21 °C.54 However, as synthesis temperature was increased, the resultant
pore diameters generally decreased.54 For the cases in which d100 was calculated for the currently
described syntheses at 25 °C, the values are smaller (26-27 nm vs. ~32 nm for as-synthesized
samples) than those obtained from Pluronic® F127/P123 syntheses. The pore diameters,
however, are much larger than those obtained from Pluronic® F127/P123 mixtures at
temperatures approaching room temperature.
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Figure 3.19 Nitrogen adsorption data for ULP-SBA-15 synthesized at or around room temperature. Samples a – f synthesized
at 25 °C. *Sample g synthesized at room temperature without temperature control. (A) Nitrogen adsorption isotherms, and
(B) pore size distributions.

Table 3.2 Structural parameters of ULP-SBA-15 silicas synthesized at or around room temperature

Under the initially used synthesis conditions at 25 °C described herein, silica with an
unparalleled nominal pore diameter of nearly 27 nm and d100 of ~27 nm was obtained. The
synthesis was reproducible without temperature control, yielding ULP-SBA-15 of comparable

112

nominal pore size. Increasing the hydrothermal treatment temperature under conditions of the
original synthesis was found to decrease pore size, the same atypical outcome found with the 15
°C ULP-SBA-15 synthesis. Although nominal pore size was smaller, the pore size distribution
for the material synthesized with 130 °C hydrothermal treatment temperature was narrower than
that synthesized with 100 °C hydrothermal treatment temperature, which could be an indication
of increased homogeneity, an inference supported in part by TEM. Decreasing stirring speed
under the original conditions yielded good quality material with much reduced pore size, while
decreasing stirring speed in conjunction with reduction of TEOS volume provided good quality
material (based on TEM) while still maintaining the large nominal pore size. It was concluded
that ULP-SBA-15 silica of unprecedented pore size was successfully synthesized at room
temperature, with and without temperature control, and under a variety of experimental
conditions.

3.4. Summary and Conclusions
Using a surfactant system consisting of a mixture of Pluronic® F108 and Pluronic® P104
triblock copolymers as template, it was possible to synthesize ULP-SBA-15 with (100)
interplanar spacings and pore sizes comparable to or exceeding any previously reported at subambient temperatures, and ULP-SBA-15 with considerably larger nominal pore sizes than any
previously reported at room temperature with or without temperature control. It was furthermore
possible to adjust the pore size and quality of the silicas by modification of various experimental
parameters. Reduction of stirring rate was shown to generally increase homogeneity and even
assist in formation of the desired mesostructure. For exampe, when the time interval was
removed between addition of TEOS and toluene for silicas synthesized at 25 °C, the hexagonal
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mesostructure was not obtained when stirring rate was 350 rpm, but was preserved when the
stirring rate was 250 rpm. In another case, reduction of the stirring rate in conjunction with a
reduced amount of framework precursor increased homogeneity, while maintaining nominal pore
size. For silicas synthesized at 15 °C, reduction of the amount of framework precursor prompted
large increases in d100 and cell diameters. In general, increase in hydrothermal treatment
temperature caused a decrease in pore size rather than an expected increase, and led to a large
decrease in the homogeneity of material synthesized with 3.05 mL of TEOS at 15 °C. In the case
of material synthesized at 25 °C, an increase in hydrothermal treatment temperature effected an
increase in homogeneity. The reason for the atypical behavior in relation to pore size is unclear
at this time, but it is possible that in the case of this templating system, the unit-cell size, which is
typically established at the lower temperature step of synthesis, may not yet have been defined at
the time of hydrothermal treatment, but rather was established during the treatment. The
presence of Pluronic® P104 in the surfactant mix was expected to enhance uptake of the
swelling agent and increase pore sizes. However, increase in the amount of swelling agent did
not have an effect on pore diameter, but rather increased the inhomogeneity of the silica. It is
possible that in this system the volume of toluene initially used was already sufficient to swell
the micelles to the extent possible before a phase transition to the mesocellular foam or other
undesirable structures would occur.
The mixed surfactant system employed herein is clearly a very robust and adaptable system for
obtaining ULP-SBA-15 silicas of exceptional pore size both at sub-ambient and ambient
temperatures. The ability to prepare silicas with very large pores without temperature control
greatly simplifies the experimental set-up and makes these materials even more accessible for the
many applications that are being explored for SBA-15. In this system, the potential exists to tune
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different characteristics of the ULP-SBA-15 through adjustment of various experimental
parameters. In the future, thoughtful modification of synthesis conditions will presumably lead to
even larger pore diameters, improved ordering and homogeneity, and likely other structural
modifications in the synthesis of SBA-15.
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Chapter 4 Synthesis of Large-pore Silica Nanotubes with
Tunable Pore Size at Room Temperature
4.1. Introduction
As mentioned previously (Section 1.3.2), it has been established132, 256 that PEO-based
surfactants are well suited for use in the single-micelle templating of individual nanoparticles.
With PEO-based surfactants such as Pluronic® surfactants, the PEO chains extend into the
periphery of the micelle, forming its corona, and the framework precursors can accumulate and
condense among the PEO chains. When the relative amount of framework precursor used in
synthesis is below a certain threshold, cross-linking among composite micelles is inhibited by the
protruding ends of PEO chains, promoting the formation of individual particles over
consolidated structures. Thus, systems that template ordered spherical silicas can template
individual spheres, and systems that template ordered cylindrical silicas can template individual
nanotubes when the amount of framework precursor is sufficiently lowered in relation to the
amount of PEO-based surfactant.132, 256
Having successfully synthesized ULP-SBA-15 of extremely large size at room temperature using
the mixed surfactant system of Pluronic® F108 and Pluronic® P104 as template, it was
subsequently attempted to use this system to obtain large-pore silica nanotubes at room
temperature. It was reasoned that the very long PEO chains of Pluronic® F108 would be
especially helpful in restricting cross-linking and stabilizing individual nanotubes. The synthesis
of large-pore silica nanotubes at and around room temperature is described in this chapter, as
well as investigation of the effect of several experimental parameters and the general flexibility
and reproducibility of the syntheses.
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4.2. Experimental
4.2.1. Materials
Pluronic® F108 (Lot: WPWH626C and Lot: WPDI607E) and Pluronic® P104 (Lot:
WPDH500B) surfactants were obtained from BASF corporation and were used as received.
Tetraethyl orthosilicate (TEOS) was received from Acros Organics and used as received.
Toluene and hydrochloric acid were used as received.
4.2.2. Synthesis
In a typical synthesis, 60 mL of 2 M HCl was added into a glass container at 25 °C with
temperature controlled by a circulating heating/cooling bath, or in a polypropylene bottle at room
temperature without temperature control. Varying amounts of Pluronic® F108 and Pluronic®
P104 surfactants totaling 1.0 g (typically 0.7 g of Pluronic® F108 and 0.3 g of Pluronic® P104)
were dissolved in the HCl with magnetic stirring (200 rpm). After dissolution, the desired
amount of toluene (typically 3 mL) was added, and the container was covered with parafilm (or
the cap was screwed on for the polypropylene container). After 30 minutes, 3.05 mL TEOS was
added, the container was re-covered as described previously, and the reaction was allowed to
continue with stirring for 24 hours. The reaction mixture was then transferred into a
polypropylene container (or kept in the container in the case of the syntheses without
temperature control) and subjected to hydrothermal treatment in an oven, typically at 100 °C for
24 hours under static conditions. If the hydrothermal treatment was greater than 100 °C, the
mixture was transferred into an acid digestion vessel for hydrothermal treatment. Samples were
filtered on a Buchner funnel, washed with distilled water, and dried in a vacuum oven for at least
one day. Portions of the dried samples were calcined in a tube furnace under air at 550 °C (2
°C/min ramp) for 5 h to remove the organic template.
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4.2.3. Analysis
4.2.3.1. Transmission electron microscopy

Transmission electron microscope (TEM) images were obtained on a Tecnai Spirit transmission
electron microscope (FEI Company, Hillsboro, Oregon). The microscope was operated at high
tension with an accelerating voltage of 120 kV and using an objective lens. Samples were
dispersed in ethanol by sonication for 4 or 5 minutes, then dropped onto a 300 mesh, 50-micron
carbon coated copper grid and the solvent was allowed to evaporate.
4.2.3.2. Gas adsorption analyses

Gas adsorption analyses were carried out on an ASAP™ 2020 Accelerated Surface Area and
Porosity system (Micromeritics Instrument Corporation, Norcross, Georgia). Before analysis,
calcined samples were outgassed under vacuum for 2 hours at 473 K, and analysis was
subsequently carried out at 77 K using nitrogen (N2) gas as adsorbate.
4.2.4. Calculations
The specific surface area of silicas was determined from nitrogen adsorption isotherms in the
relative pressure range of 0.04 – 0.20, using the Brunauer-Emmet-Teller method (SBET). Total
pore volume (VT) was determined based on the amount adsorbed at a relative pressure around
0.99. Pore size distributions (PSD) were determined from the adsorption branches of nitrogen
adsorption isotherms using Barrett-Joyner-Halenda (BJH) method along with the Kruk-JaroniecSayari (KJS) correction for cylindrical mesopores. The KJS correction is accurately calibrated
for pores only up to 7 nm in diameter and has been found to lead to an overestimation of the
diameter of larger cylindrical mesopores. Pore diameters of the silica nanotubes obtained using
this method are hence referenced as nominal pore diameters herein. In cases where the maximum
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of the pore size distribution peak was not obvious, the center of the peak was estimated using a
Lorentzian function:
𝐴𝐴

𝑤𝑤
2
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where A is the area of the curve, w is the width, xc is the center, and y0 is the Y-value offset.

4.3. Results and Discussion
4.3.1. Large-pore nanotubes at 25 °C
The synthesis conditions used to obtain ULP-SBA-15 at 25 °C (Section 3.3.2.1) were used (70%
Pluronic® F108 and 30% Pluronic® P104, by weight) with a 40% reduction in the volume of
TEOS (from 5.95 mL to 3.55 mL) in an attempt to synthesize large-pore silica nanotubes at, or
around, room temperature. The resultant silica had regions of highly aggregated tubes with
spherical content, as well as tube bundles and ordered cylindrical regions (Figure 4.1). The silica
had a pore size distribution (Figure 4.2) similar to that of the ULP-SBA-15 synthesized under the
original conditions with 5.95 mL TEOS, and had a nominal pore size of almost 27 nm,
equivalent to that of the ULP-SBA-15. Along with the TEM images, this implied that there was a
high potential to obtain silica nanotubes at room temperature. However, the amount of
framework precursor used was not yet sufficiently reduced to prevent considerable consolidation
of the material.
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B

Figure 4.1 TEM images of silicas obtained at 25 °C with a 40% reduction in volume of TEOS from that originally used to
synthesize ULP-SBA-15 (reduced from 5.95 mL to 3.55 mL). Silicas were calcined at 550 °C for 5 h. (A) Ordered
cylindrical regions, tube bundles, aggregated tubes, and some spheres. (B) Primarily aggregated tubes.

Figure 4.2 Nitrogen adsorption data for silica synthesized at 25 °C with 3.55 mL TEOS. (A) Nitrogen adsorption isotherms, and
(B) pore size distribution.
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The synthesis was attempted again with a further reduction in the amount of TEOS to 3.05 mL,
to further suppress cross-linking amongst the composite micelles, promoting formation of
nanotubes. In addition, the stirring speed was reduced from 350 rpm to 200 rpm, in an effort to
reduce the extent of sphere contamination. TEM images (Figure 4.3) of the material obtained
when 3.05 mL of TEOS was used with the reduced stirring rate primarily show aggregated
nanotubes. The integrity of the tubes appears to have been for the most part preserved even after
drying of the sample. There was branching visible along the nanotubes (Figure 4.3(C)) in a few
instances, although overall it appeared to be very rare. Based on the images, the sphere content
was significantly reduced, although there is a shoulder on the pore size distribution (Figure 4.4)
which possibly suggests some contamination or inhomogeneity in pore sizes. The nanotubes had
a nominal pore size of over 26 nm, consistent with the pore sizes of the ULP-SBA-15
synthesized under the original conditions (Section 3.3.2.1), and the partially consolidated
material synthesized with 3.55 mL TEOS. The nitrogen adsorption isotherm (Figure 4.4)
displays a secondary capillary condensation step near the saturation vapor pressure (P/P0 = 1),
attributable to capillary condensation in the spaces between the aggregated tubes.
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B

C
Figure 4.3 TEM images of silica nanotubes synthesized at 25 °C with 3.05 mL TEOS. As synthesized, after filtering and
drying. The arrow in (C) indicates a nanotube with branching.
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Figure 4.4 Nitrogen adsorption data for silica nanotubes synthesized at 25 °C with 3.05 mL TEOS and different hydrothermal
treatment temperatures. 100HT = 100 °C treatment for 24 h, and 120HT = 120 °C treatment for 24 h. (A) Nitrogen adsorption
isotherms, and (B) pore size distributions.

The synthesis was repeated with a higher hydrothermal treatment (HT) temperature (120 °C) in
an effort to increase pore sizes and further enhance the integrity of the tubes. Similarly to the
tubes synthesized with lower hydrothermal treatment temperature (100 °C), the nanotubes
obtained with 120 °C HT had a shoulder on the pore size distribution (Figure 4.4). The nominal
pore diameter was around 36 nm, substantially larger than the tubes synthesized with lower
hydrothermal treatment temperature. The secondary capillary condensation step seen on the
nitrogen adsorption isotherm for the material with 100 °C HT is absent in the isotherm (Figure
4.4) for the material with higher temperature treatment, implying that the spaces between the
aggregated tubes are much greater in this case (or possibly the pressure range that capillary
condensation between the nanotubes took place overlapped with the pressure range that capillary
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condensation took place inside the nanotubes). TEM images of a sample taken at the point of
filtration (Figure 4.5(A)) show mainly loosely aggregated nanotubes of sound structure, with very
few flattened or fragmented tubes, although there is an increase in sphere contamination. A
minor fraction of the nanotubes displays branching, a substantial percentage of tubes appear to
be of a shorter length scale, and for the majority of tubes with visible ends, the ends appear to be
capped. TEM images of a sample after drying (Figure 4.5(B)) indicate an increase in
aggregation, as well as some fragmentation possibly due to the drying process or sonication in
preparation for imaging. In TEM images of a sample imaged after calcination (Figure 4.5(C)),
the nanotubes are highly aggregated, so individual tubes and the extent of fragmentation are
more difficult to discern.
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B

C
Figure 4.5 TEM images of silica nanotubes synthesized at 25 °C with 3.05 mL TEOS and 120 °C hydrothermal
treatment. (A) As-synthesized at point of filtration, (B) as-synthesized after filtering and drying, and (C) calcined at 550
°C for 5 h.

4.3.2. Large-pore nanotubes without temperature control
Since it was determined that it was possible to synthesize nanotubes of very large inner pore
diameter at a fixed temperature of 25 °C using the system under investigation, the same synthesis
procedure was subsequently carried out without temperature control. TEM images of a sample
taken before HT (Figure 4.6(A, B)) clearly show well-formed nanotubes. Some tearing is visible,
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likely due to the handling of the sample in preparation for imaging, as the silica condensation
before HT may not yet be adequate to attain nanotubes of robust mechanical stability. In TEM
images of a sample taken after HT ((Figure 4.6(C, D)), at the point of filtration, some minor
sphere contamination is visible. The percentage of tubes with a shorter length appears to have
decreased. It is difficult to determine the percentage of tubes with capped ends because fewer
ends are visible due to the large length of the majority of tubes in the images. There are no tubes
with visible branching in the images. After drying, the nanotubes are more aggregated and some
breakage is visible ((Figure 4.6(E, F)), possibly from shrinkage upon drying or from damage
during sonication. The pore size distribution (Figure 4.7) of the nanotubes synthesized without
temperature control is quite narrow, indicating a high degree of inner diameter homogeneity, and
the shoulder seen on the pore size distributions of the silicas synthesized at 25 °C is absent. The
nominal pore diameter is 24 nm, slightly smaller than the nominal diameter of nanotubes
synthesized at 25 °C (26 nm), which likely equates to a relatively small difference in actual pore
diameter.
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Figure 4.6 TEM images of silica nanotubes synthesized at room temperature without temperature control.
(A), (B) After low temperature step, before hydrothermal treatment. (C), (D) As synthesized, at point of
filtration. (E), (F) As synthesized, after filtration and drying.
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Figure 4.7 Nitrogen adsorption data for silica nanotubes synthesized at room temperature, with different hydrothermal
treatment temperatures. 24h-100HT = stirred for 24 h after addition of TEOS, 100 °C hydrothermal treatment for 24 h; 48h110HT = stirred for 48 h after addition of TEOS, 110 °C hydrothermal treatment for 24 h; 48h-110HT* = synthesis repeated
under same conditions as 48h-110HT (note the possibility of temperature difference since temperature was not controlled in
either synthesis). (A) Nitrogen adsorption isotherms, and (B) pore size distributions. Isotherms for samples 48h-110HT and 48h110HT* have been offset vertically by 400 cm3 STP g-1 and 800 cm3 STP g-1, respectively.

The synthesis was subsequently repeated with HT temperature increased to 110 °C, and with
stirring time after addition of TEOS increased from 24 h to 48 h to improve mechanical stability.
In TEM images of a sample taken at the point of filtration (Figure 4.8(A, B)), many intact long
tubes (in the micrometer range) can be seen. There is no noticeable sphere contamination in the
images, and no branching in the tubes can be detected. In images of a sample taken after drying
(Figure 4.8(C, D)), there are some tube fragments and tubes of smaller length visible, some of
which may also be the result of fragmentation, possibly due to sonication and/or the drying
process. Although many tubes with capped ends are visible, quite a few tubes have one or both
ends open. Open end(s) on a percentage of the tubes may be due to fragmentation of larger tubes.
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There is a very small quantity of spheres visible in the images. The pore size distribution (Figure
4.7) is a little wider than that of the material synthesized at lower HT temperature, but reflects a
larger nominal pore diameter (30 nm).
The synthesis with 48 h stirring after addition of TEOS and 110 °C HT was subsequently
repeated to determine reproducibility. Based on TEM images of a sample taken at the point of
filtration (Figure 4.8(E, F)), a large percentage of the resultant nanotubes are intact and long,
comparable to tubes in the original synthesis. Sphere contamination is more noticeable in the
reproduced sample, but still appears to be a minor fraction. The pore size distribution (Figure
4.7) is slightly narrower than that of the sample from the original synthesis, and reflects a larger
nominal pore size of 34 nm.
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Figure 4.8 TEM images of silica nanotubes synthesized at room temperature, without temperature
control, stirred for 48 h after addition of TEOS, and with 110 °C hydrothermal treatment for 24 h. (A), (B)
Original synthesis, as synthesized, at point of filtration. (C), (D) Original synthesis, as synthesized, after
filtration and drying. (E), (F) Reproduced synthesis, as synthesized, at point of filtration.
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4.3.3. Synthesis of nanotubes at various temperatures
After having established that large-pore silica nanotubes could be synthesized at a fixed
temperature of 25 °C, and at room temperature without temperature control, the synthesis was
carried out at several different temperatures around room temperature to ascertain the
temperature range in which large nanotubes could feasibly be obtained. For a synthesis carried
out at 22 °C with other experimental conditions retained, TEM images (Figure 4.9(A, B)) reveal
nanotubes interspersed with a large proportion of various spherical components. A few of the
tubes appear to be flattened. Based on the pore size distribution (Figure 4.10), the tubes have a
nominal pore diameter of around 30 nm, but the distribution is quite broad. Overall, the material
appears to be of lesser quality than the material synthesized at 25 °C, with more visible sphere
contamination and less tube integrity. The synthesis at 22 °C was also carried out using 35% by
weight Pluronic® P104 rather than 30%. The relative amount of spherical components appears
markedly increased compared with the material synthesized with 30% by weight Pluronic®
P104, with a corresponding decrease in nanotube visibility (Figure 4.9(C, D)). The pore size
distribution (Figure 4.10) of this material is even wider than that of the material synthesized with
30% Pluronic® P104, reflective of the inhomogeneity visible in TEM images.
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Figure 4.9 TEM images of silica synthesized at 22 °C with different weight percentages of Pluronic® P104. Assynthesized at point of filtration. (A), (B) 30% by weight Pluronic® P104, and (C), (D) 35% by weight Pluronic® P104.
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Figure 4.10 Nitrogen adsorption data for silica synthesized at 22 °C with different weight percentages of Pluronic® P104. (A)
Nitrogen adsorption isotherms, and (B) pore size distributions.

For a synthesis at 26 °C with 30% by weight Pluronic® P104, quite a bit of spherical
contamination is evident in TEM images (Figure 4.11(A, B)). There is some evidence of tube
flattening and tube branching. The pore size distribution (Figure 4.12) is quite broad, and similar
to that of the material synthesized at 22 °C with 30% Pluronic® P104. A synthesis at 26 °C was
also carried out with 20% by weight Pluronic® P104, and while there is also heavy sphere
contamination visible in TEM images (Figure 4.11(C, D)), the material has a relatively narrow
pore size distribution (Figure 4.12), with a nominal inner pore diameter of 24 nm. Aside from
spheres, there are some very short tubes which are probably not due to breakage of larger tubes
after synthesis, since they appear to have both ends intact. Despite the large proportion of
spheres and other contamination, the pore size distribution and nitrogen adsorption isotherm
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(Figure 4.12) of the silica synthesized at 26 °C with 20% Pluronic® P104 are similar to those of
the nanotubes synthesized at room temperature without temperature control.
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Figure 4.11 TEM images of silica synthesized at 26 °C with different weight percentages of Pluronic® P104. Assynthesized at point of filtration. (A), (B) 30% by weight Pluronic® P104, and (C), (D) 20% by weight Pluronic® P104.
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Figure 4.12 Nitrogen adsorption data for silica synthesized at 26 °C with different weight percentages of Pluronic® P104. (A)
Nitrogen adsorption isotherms, and (B) pore size distributions.

The synthesis was also carried out at 28 °C, once with 30% by weight Pluronic® P104, and once
with 20% by weight Pluronic® P104 in the surfactant mixture. In the case of the material
synthesized with 30% Pluronic® P104, there are no cylindrical structures visible in TEM images
(Figure 4.13(A, B)). Only aggregated spheres, chains of spheres, and other spherical content can
be observed. The pore size distribution (Figure 4.14) for this silica suggests a nominal pore size
of around 14 nm. In the case of the material synthesized with 20% Pluronic® P104, while sphere
components also appear to be the majority of content, a sizeable number of nanotubes are visible
in TEM images (Figure 4.13(C, D)). The pore size distribution (Figure 4.14) has a peak
indicating a nominal pore diameter of around 17 nm, but has a shoulder between about 22 – 32
nm. Based on the pore size distribution of the silica synthesized at 22 °C with 30% Pluronic®
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P104 and the pore size distributions of the silicas with minimal spherical content that were
synthesized at room temperature, the peak can be attributed to the spherical content and the
shoulder can be attributed to the nanotube content in this case. A comparison of the relative size
of the spheres in TEM images (Figure 4.13(C, D)) supports this assertion, although it is not clear
why the diameter of the spheres is smaller than that of the tubes.
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Figure 4.13 TEM images of silica synthesized at 28 °C with different weight percentages of P104. As synthesized at
point of filtration. (A), (B) 30% by weight P104, and (C), (D) 20% by weight P104.
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Figure 4.14 Nitrogen adsorption data for silica synthesized at 28 °C with different weight percentages of Pluronic® P104. (A)
Nitrogen adsorption isotherms, and (B) pore size distributions.

4.3.4. Tuning of pore size of single-micelle templated nanotubes
4.3.4.1. Background

Previous research with mixed Pluronic® surfactant templates has revealed several behaviors not
commonly seen in single surfactant systems, including the ability to tune nanotube diameters
through consecutive adjustments of the amount of swelling agent used in relation to the
surfactant amount.54 In that case, pore diameters systematically decreased as the relative amount
of swelling agent used in synthesis was decreased.54 It was imagined that the system currently
under investigation would likely replicate this behavior, so a series of syntheses in which the
volume of toluene was successively decreased for each synthesis was designed and carried out.
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The experiments were done with the temperature controlled at 25 °C, as described in Section
4.3.4.2, and also at room temperature without temperature control (Section 4.3.4.3).
4.3.4.2. Pore size adjustment at 25 °C

When synthesis was carried out at 25 °C with the amount of toluene reduced from 3.0 to 2.0 mL,
the resultant silica consisted primarily of nanotubes, based on TEM images (Figure 4.15(A)).
There is some spherical contamination, including some large spheres, some of which may be
associated with tube ends in certain cases. The nitrogen adsorption isotherm and pore size
distribution (Figure 4.16) are similar to those of the silica synthesized at 25 °C with 3.0 mL
toluene. The nominal pore size is larger than that of the nanotubes synthesized with 3.0 mL of
toluene (28 nm vs. 26 nm), but since the initially used 3.0 mL is likely well in excess over the
amount taken up by the micelles, lowering the volume to 2.0 mL may not yet be a sufficient
reduction to noticeably limit the uptake of the micelles. The small difference in nominal pore
size could then be attributed to slight irreproducibility of the material’s structure or/and
adsorption measurements.
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Figure 4.15 TEM images of silica nanotubes synthesized at 25 °C with varying amounts of swelling agent. As
synthesized samples at point of filtration. (A) 2.0 mL toluene, (B) 1.5 mL toluene, (C) 1.0 mL toluene, and (D) 0.5 mL
toluene.
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Figure 4.16 Nitrogen adsorption data for silicas synthesized at 25 °C with varying amounts of swelling agent (toluene). (A)
Nitrogen adsorption isotherms, and (B) pore size distributions. Isotherms for samples synthesized with 2.0, 1.5, 1.0, and 0.5
mL toluene were offset by 400, 800, 1200, and 1600 cm3 STP g-1 respectively.

TEM images (Figure 4.15(B)) of silica synthesized with a reduction of toluene to 1.5 mL
indicate the silica consists of nanotubes with a slight increase in large sphere contamination. The
pore size distribution (Figure 4.16) for this silica is slightly narrower than those for silicas
synthesized with either 3.0 mL or 2.0 mL toluene, and indicates a decreased pore size, with a
nominal pore diameter of 23 nm. It should be noted that judging homogeneity by comparing the
widths of pore size distributions of nanotubes with different pore sizes can be misleading since
the pore size distribution calculation is calibrated for pores of much smaller size, and the width
of the pore size distribution becomes wider as the pore size increases. Based on TEM images, the
nanotubes synthesized with a particular quantity of toluene are of uniform diameter in each of
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the syntheses (Figure 4.15). Two capillary condensation steps can be seen in the nitrogen
adsorption isotherm (Figure 4.16).
Reduction of the volume of toluene to 1.0 mL yielded silica consisting of tubes that appear to be
quite uniform in size and of good integrity in TEM images (Figure 4.15(C)). However, there is a
marked increase in contamination with spherical entities, including large spheres and possibly
collapsed spheres. The pore size distribution (Figure 4.16) of the silica synthesized with 1.0 mL
toluene is narrower than that of the silica synthesized with 1.5 mL toluene, and the nominal pore
size of 17 nm is also decreased compared to the latter silica. As in the latter case, two capillary
condensation steps are visible in the nitrogen adsorption isotherm (Figure 4.16).
When the volume of toluene was reduced to 0.5 mL, the majority of the material appears to be
nanotubes, but the contamination of the nanotubes with large spheres and large collapsed spheres
is quite significant based on TEM images (Figure 4.15(D)). Once again, the pore size distribution
(Figure 4.16) is narrower than that of the silica synthesized with slightly more toluene, and the
nominal pore diameter decreased correspondingly, to 11 nm. In this case, the nitrogen adsorption
isotherm has two distinct hysteresis loops. Some structural parameters of the silicas synthesized
with varying amounts of toluene at 25 °C are provided in Table 4.1.
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Table 4.1 Structural parameters of nanotubes synthesized at 25 °C with varying
amounts of toluene

4.3.4.3. Pore size adjustment at room temperature

In the previous section, it was demonstrated that as the relative amount of toluene was decreased
for a given synthesis at 25 °C, there was a corresponding narrowing of pore size distributions and
a decrease in pore diameters (based on nominal pore diameters). Consecutive syntheses with
reduced amounts of toluene as described in the previous section for syntheses at 25 °C were also
carried out at room temperature without temperature control.
Unlike the synthesis at 25 °C with 2.0 mL toluene, for silica obtained at room temperature using
2.0 mL of toluene, a pore size reduction and narrowing of the pore size distribution (Figure 4.17)
is evident. Contamination with large spherical entities was already moderate, based on TEM
images (Figure 4.18(A)). The nominal pore size of the nanotubes is 22 nm, a reduction from 24
nm nanotubes obtained with 3.0 mL toluene at room temperature. A reduction in the volume of
TEOS to 1.5 mL yielded nanotubes with a slight increase in contamination (Figure 4.18(B)). The
relatively narrow pore size distribution (Figure 4.17) indicates a nominal pore diameter of 20 nm,
a further reduction from the tubes synthesized with 2.0 mL of toluene. On the nitrogen
adsorption isotherm (Figure 4.17), the hysteresis is practically separated into two separate loops,
similarly to nanotubes synthesized with a further reduction in the volume of toluene to 1.0 mL.
142

In the latter case, TEM images (Figure 4.18(C)) show significant contamination with large
spheres and collapsed spheres. The pore size distribution (Figure 4.17) for the silica synthesized
with 1.0 mL toluene is relatively narrow and suggests a continued reduction in pore size, with a
nominal pore diameter of 14 nm. When the volume of toluene was reduced to 0.5 mL, the
contamination with large spheres and collapsed spheres is not obvious in TEM images (Figure
4.18(D)). However, there are numerous regions where the nanotubes are consolidated into
bundles of several tubes, and cases where it appears several tubes may have intertwined into a
consolidated structure. The material has a very narrow pore size distribution (Figure 4.17) and a
nominal pore diameter of 9 nm, showing that the pore size once again decreased with a
decreased amount of swelling agent. Some structural parameters for the above samples
synthesized at room temperature with varying amounts of toluene are included in Table 4.2.
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Figure 4.17 Nitrogen adsorption data for silicas synthesized at room temperature with varying amounts of swelling agent. (A)
Nitrogen adsorption isotherms, and (B) pore size distributions. Isotherms for samples synthesized with 2.0, 1.5, 1.0, and 0.5
mL toluene were offset vertically by 400, 800, 1200, and 1600 cm3 STP g-1, respectively.

Table 4.2 Structural parameters of nanotubes synthesized at room temperature
with varying amounts of toluene.
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Figure 4.18 TEM images of silica nanotubes synthesized at room temperature without temperature control, with
varying amounts of swelling agent. (A) 2.0 mL toluene; (B) 1.5 mL toluene; (C) 1.0 mL toluene; (D) 0.5 mL toluene.

4.3.5. Reproducibility of synthesis
Given that the stated block lengths and molecular weights of commercial PEO-PPO-PEO
triblock surfactants are averages73, and that they may be contaminated with diblock73, 279-280
and/or homopolymers280, it is reasonable to suppose that there may be slight variations in the
composition of these surfactants from batch to batch. While these slight variations do not
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generally appear to have a significant effect in common syntheses, a possibility exists that a
system modified with a particular batch of surfactant may need readjustment to obtain the
desired product. It was thus deemed worthwhile to repeat the nanotube syntheses at 25 °C and at
room temperature with a different lot number of Pluronic® F108 than that used in the initial
syntheses.
TEM images (Figure 4.19(A)) for the material obtained at room temperature indicate the
majority of the sample consists of long nanotubes with some much shorter nanotubes and a
moderate degree of contamination with spheres. The material has a nominal pore diameter of 31
nm, considerably larger than the pore diameter of the nanotubes synthesized with the original
batch of Pluronic® F108 at room temperature (24 nm). However, the pore size distribution
(Figure 4.20) of the silica is somewhat broad, likely due to the contamination present. The
nitrogen adsorption isotherm is similar to that of the sample from the original synthesis.

A

B

Figure 4.19 TEM images of silica nanotubes synthesized using a different batch of Pluronic® F108 than originally used
to synthesize nanotubes at room temperature. Samples as synthesized, from point of filtration. (A) Synthesized at
room temperature without temperature control, and (B) synthesized at 25 °C. Silica synthesized at 25 °C had the
following modifications: 32.5% by weight Pluronic® P104 (67.5% by weight Pluronic® F108), and 1.9 M HCl.
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For synthesis at 25 °C, the weight percentage of Pluronic® P104 was adjusted to 32.5% (with
67.5% by weight Pluronic® F108) and the molarity of the HCl was adjusted to 1.9 M, based on
other work done with the Pluronic® F108 batch of different lot number. From a limited number
of TEM images (Figure 4.19(B)), the material obtained appears to consist of large nanotubes
with considerable spherical contamination. The pore size distribution (Figure 4.20) is even wider
than that of the material synthesized at room temperature with the same batch of Pluronic®
F108, probably due to the extensive contamination. The material has a nominal pore diameter of
32 nm, again much larger than the material synthesized at 25 °C with the original batch of
Pluronic® F108.

Figure 4.20 Nitrogen adsorption data for silica nanotubes synthesized using a different batch of Pluronic® F108 than
originally used to synthesize nanotubes at room temperature. Silica synthesized at 25 °C had the following modifications:
32.5% by weight P104 (67.5% by weight Pluronic® F108), and 1.9 M HCl. (A) Nitrogen adsorption isotherms, and (B) pore size
distributions.
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4.4. Summary and Conclusions
Using a mixed surfactant system of Pluronic® F108 and Pluronic® P104 triblock copolymers
previously used to synthesize ULP-SBA-15 at room temperature without temperature control, it
was possible to synthesize large-pore silica nanotubes at 25 °C and at room temperature
primarily by reducing the relative amount of framework precursor used in the synthesis. The
pore diameters of the nanotubes were shown to be adjustable, and the nanotubes synthesized in
all cases were significantly larger than other silica nanotubes synthesized in ambient conditions
by a single-micelle templating method.
Table 4.3 summarizes structural parameters for some of the silicas synthesized at 25 °C and at
room temperature without temperature control. The silicas have very high specific surface areas
(SBET) ranging from 701 to 905 m2/g, and high total pore volumes (Vt) ranging from 1.39 to 1.89
cm3/g. The silicas also had extremely large nominal pore diameters for silicas synthesized at
room temperature by this method, ranging from 24.5 – 36.4 nm. The nanotubes appear quite
stable for the most part, with TEM and gas adsorption evidence that they retain their structure
throughout the drying process and after calcination. Unlike in the case of ULP-SBA-15 (Section
3.3.2), increasing hydrothermal treatment temperature caused a large increase in nominal pore
diameter, a 10 nm increase for silica synthesized at 25 °C with 120 °C hydrothermal treatment,
and about a 9 nm increase for silica synthesized at room temperature with 110 °C hydrothermal
treatment (and extended stirring time). The syntheses were found to be reproducible for the most
part. A comparison of gas adsorption data for silicas synthesized at both 25 °C, and at room
temperature with different batches of Pluronic® F108 is included in Figure 4.21. While
contamination may have led to a broadening of pore size distributions in these cases, adjustment
of some experimental conditions will likely improve the quality and homogeneity of the silicas
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obtained when using a different batch of Pluronic® F108. Evidence of reproducibility was also
obtained when a synthesis at room temperature with extended stirring time and 110 °C
hydrothermal treatment was repeated, giving a very similar outcome to the original synthesis
(Section 4.3.2).

Table 4.3 Structural parameters for selected silicas synthesized at or near room temperature
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Figure 4.21 Nitrogen adsorption data for silicas synthesized with different batches of Pluronic® F108. RT = room temperature
without temperature control. (A) Nitrogen adsorption isotherms, and (B) pore size distributions. Isotherms for samples RT, 25
°C*, and RT* have been offset vertically by 400, 800, and 1200 cm3 STP g-1, respectively. * Different batch of Pluronic® F108
used.

To determine the flexibility of the synthesis, the syntheses were repeated at various temperatures
around room temperature range, and gas adsorption data is summarized in Figure 4.22. The
material synthesized at 22 °C using the standard experimental conditions was of poor quality,
and the material synthesized at 28 °C using the standard conditions apparently did not consist of
tubes at all. The material synthesized at 26 °C using standard conditions is intermediate and
consists of large tubes but is highly contaminated and lacking in quality. Adjustment of the
weight percentage of Pluronic® P104 used made improvements in some cases. Although likely
somewhat above the average temperature of the synthesis at room temperature without
temperature control, the synthesis at 26 °C with 20% by weight Pluronic® P104 was closest to
the room temperature synthesis in nominal pore size and width of pore size distribution for the
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obtained silica. While synthesis at 28 °C with 30% Pluronic® P104 by weight produced only
smaller sized spheres, synthesis with 20% by weight Pluronic® P104 yielded a mix of spheres
and tubes. This provides further evidence that the structural parameters and quality of the
obtained silicas can be manipulated through adjustment of experimental conditions, including
selection of the proportion of the components of the Pluronic® mixture used as a template.

Figure 4.22 Nitrogen adsorption data for silicas synthesized at different temperatures around room temperature. RT = room
temperature without temperature control. (A) Nitrogen adsorption isotherms, and (B) pore size distributions.

Pore sizes were shown to be adjustable through reduction of the amount of swelling agent in
relation to the amount of surfactant used in synthesis. All of the obtained silicas had high (BET)
specific surface areas (705 to 809 m2/g for room temperature syntheses, and 718 to 905 m2/g for
25 °C syntheses) and relatively high total pore volumes (1.13 to 1.61 cm3/g for room
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temperature, and 1.24 to 1.77 cm3/g for 25 °C). As the quantity of toluene was lowered,
contamination with large spheres and collapsed spheres developed and increased as the volume
of toluene was decreased. For syntheses at room temperature, this trend started earlier and
became more severe sooner than in the 25 °C syntheses. A possible origin of the large spherical
entities is the condensation of silica on appropriately small, surfactant-stabilized toluene
droplets. Perhaps the lower quantities of toluene lead to the formation of drops of the applicable
size, while for larger quantities of toluene, any stabilized drops are of too large a size to
noticeably contribute to local contamination.
Here, the mixed surfactant system of Pluronic® F108 and Pluronic® P104 was extended to the
synthesis of large-pore silica nanotubes with tunable pore sizes in ambient temperature range. As
in the case of ULP-SBA-15 described in Chapter 3, it was possible to synthesize silicas of
extremely large pore diameters, in fact the largest synthesized by this method in this temperature
range. It was demonstrated that adjustment of experimental parameters can modify the size,
homogeneity, and overall quality of the obtained nanotubes, and that large pore silica nanotubes
are accessible at a full range of typical ambient temperatures, through modifications of various
experimental conditions. The flexibility and ease of set-up of this system make it exceedingly
advantageous in the synthesis of silica nanotubes of very large size, making them more
accessible for current and future applications.
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Chapter 5 Synthesis of Hollow Double-Helical Silica Nanotubes
This chapter is based on work that has been published in ACS Nano.396

5.1. Introduction
In Chapter 2 (Section 2.4.4), work was presented in which, in an attempt to obtain individual
nanotubes, the initially used quantity of TEOS was reduced under conditions that were otherwise
shown to produce silicas composed of ordered 2-D hexagonally arranged cylindrical mesopores.
When the volume of TEOS was reduced from 5.95 mL to 2.55 mL in the aforementioned system
of 30% by weight Pluronic® P104 and 70% by weight Pluronic® F108 at 15 °C, structures
appearing to be double-helically wound nanotubes were visible in TEM images (Figure 2.17).
The characteristics of these helical structures and the synthetic methods used to obtain them were
subsequently investigated thoroughly. The primary structures obtained after optimization of the
synthesis were ultimately ascribed to be double helices composed of nanotubes wound about
each other (or one tube wound about itself), while several other interesting structures could be
identified as minor products. The synthesis and characterization of these materials is described in
detail in this chapter.
A brief review of inorganic helical nanostructures and their synthesis was included in Chapter 1
(Section 1.5). Therein, it was shown that under physical confinement in anodic alumina
templates (Section 1.5.4.3), similar double-helical and other related structures have been formed
in silica precursor, Pluronic® surfactant systems357 although on a small scale (due to the volume
of the anodic alumina pores) and with small pore sizes, limited by the characteristic repeating
distances of the silica/Pluronic® composites. In one case, the diameter distribution of the AAO
templates was provided and was very broad, indicating that the double-helical structures were
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not the primary product, but one of multiple products encompassing the range of pore sizes of
the AAO template. Porosity data was not provided for the helical materials, perhaps because of
the small scale and the cost of the synthesis. The ordered mesoporous silicas described herein are
not produced through a similar method, there being no source of confinement, but rather by a
relatively straightforward and inexpensive micelle-templating method based on a mixed
surfactant templating system. Without the limitations imposed on synthesis scale or pore size
found in the aforementioned syntheses, the silicas described here were synthesized on a much
larger scale, and have very large inner pore diameters, specific surface areas, and total pore
volumes.

5.2. Experimental
5.2.1. Materials
Pluronic® F108 (Lot: WPWH626C and Lot: WPDI607E), Pluronic® P104 (Lot: WPDH500B),
and Pluronic® P105 surfactants were obtained from BASF corporation and were used as
received. Tetraethyl orthosilicate (TEOS) was received from Acros Organics and used as
received. Toluene and hydrochloric acid were used as received.
5.2.2. Synthesis
In a typical synthesis, 60 mL of 2 M HCl was added into a glass container at 15 °C with
temperature controlled by a circulating heating/cooling bath. Varying amounts of Pluronic®
F108 and Pluronic® P104 surfactants totaling 1.0 g were dissolved in the HCl with magnetic
stirring (typically at 200 rpm). After dissolution, the desired amount of toluene (typically 3 mL)
was added, and the container was sealed with parafilm. After 30 minutes, the desired amount

154

(typically 2.55 mL) of tetraethyl orthosilicate (TEOS) was added, the container was re-sealed,
and the reaction was allowed to continue with stirring for 24 hours. The reaction mixture was
then transferred into a polypropylene container and subjected to hydrothermal treatment in an
oven at the desired temperature (typically 100 °C) for 24 hours under static conditions. If the
hydrothermal treatment temperature was greater than 100 °C, the mixture was transferred into an
acid digestion vessel for the hydrothermal treatment. Samples were filtered on a Buchner funnel,
washed with distilled water, and dried in a vacuum oven for at least one day. Portions of the
dried samples were calcined in a tube furnace under air at 550 °C (or under argon at 300 °C) for
5 h (2 °C/min ramp) to remove the organic template.
5.2.3. Analysis
5.2.3.1. Transmission electron microscopy

Transmission electron microscope (TEM) images were obtained on a Tecnai Spirit transmission
electron microscope (FEI Company, Hillsboro, Oregon). The microscope was operated at high
tension with an accelerating voltage of 120 kV and using an objective lens. Samples were
dispersed in ethanol by sonication for 4 or 5 minutes, then dropped onto a 300 mesh, 50-micron
carbon coated copper grid and the solvent was allowed to evaporate.
5.2.3.2. Scanning electron microscopy

Scanning electron microscope (SEM) images were obtained on an Amray 1910 (Bedford,
Massachusetts) digital imaging computer-controlled electron microscope operated at 20,000 V
and controlled by SEM interface software by SEMTech Solutions. Samples were dispersed in
ethanol by sonication for 4 or 5 minutes, then dropped onto a 300 mesh, 50-micron carbon
coated copper grid and the solvent allowed to evaporate. The grids were placed onto a carbon
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adhesive tab that was affixed to a sample holder. The tabs were then sputter-coated with 5 nm
gold/palladium before acquiring images.
5.2.3.3. Gas adsorption analyses

Gas adsorption analyses were carried out on an ASAP™ 2020 Accelerated Surface Area and
Porosity system (Micromeritics Instrument Corporation, Norcross, Georgia). Before analysis,
samples were outgassed under vacuum for 2 hours at 473 K, and analysis was subsequently
carried out at 77 K using nitrogen (N2) gas as adsorbate.
5.2.4. Calculations
The specific surface area of silicas was determined from nitrogen adsorption isotherms in the
relative pressure range of 0.04 – 0.20, using the Brunauer-Emmet-Teller method (SBET). Total
pore volume (VT) was determined based on the amount adsorbed at a relative pressure around
0.99. Pore size distributions (PSD) were determined from the adsorption branches of nitrogen
adsorption isotherms using Barrett-Joyner-Halenda (BJH) method along with the Kruk-JaroniecSayari (KJS) correction for cylindrical mesopores. The KJS correction is accurately calibrated
for pores only up to 7 nm in diameter and has been found to lead to an overestimation of the
diameter of larger cylindrical mesopores. Pore diameters of the nanotube-based silicas obtained
using this method are hence referenced as nominal pore diameters herein. In cases where the
maximum of the pore size distribution peak was not obvious, the center of the peak was
estimated using a Lorentzian function:
𝐴𝐴
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where A is the area of the curve, w is the width, xc is the center, and y0 is the Y-value offset.
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5.3. Results and Discussion
5.3.1. Double-helical structures
Using a surfactant mixture consisting of Pluronic® P104 and Pluronic® F108 as a template, 3
mL of toluene as swelling agent, 2.55 mL of TEOS as framework precursor, and an initial
synthesis temperature of 15 °C, double-helical silica structures were obtained in high yield with
good reproducibility using 35% by weight Pluronic® P104 and 65% by weight Pluronic® F108.
These structures and other related structures were also obtainable to varying extent over a range
of surfactant weight ratios, and under various experimental conditions detailed in subsequent
sections. TEM (Figure 5.1) and SEM (Figure 5.2) images show that the double-helical structures
consisting of silica nanotubes wrapped closely about each other (or themselves) are the primary
structure obtained under suitable conditions. In fact, these structures were the primary helical
structure obtained under any experimental conditions where helical structures were formed. In
Figure 5.1(A), another type of helical structure found occasionally in these syntheses can be seen
(blue arrows): a single-helical nanotube wrapped around a straight nanotube. Not all of the
double-helical structures consist of nanotubes with the same helical radii; structures in which the
helices of the individual nanotubes have different radii can be seen in TEM images (red arrows
in Figure 5.1(B)), while analogous structures can be identified in SEM images (red arrow in
Figure 5.2.). Depending on experimental conditions, double-helical structures can also be seen
with variable diameter rotations along the axis of the helices (see Section 5.3.4, Figure 5.14).
Although handedness of the double-helices is difficult to determine from TEM images, the
perspective from SEM images (Figure 5.2) enables straightforward identification, and both lefthanded (blue arrow) and right-handed (green arrow) helices (or helical segments) can be
distinguished, as expected with formations resulting from an essentially achiral system.
157

A

B

Figure 5.1 TEM images of silica synthesized at initial synthesis temperature of 15 °C, with 35% by weight Pluronic®
P104 and 65 % by weight Pluronic® F108, in 1.9 M HCl solution. Sample taken at point of filtration. The blue arrows in
(A) indicate segments with a nanotube wrapped around another straight nanotube. The red arrow in (B) indicates a
segment of a double-helical structure for which the radii of the individual tubes is different.

Figure 5.2 SEM image of silica synthesized at initial synthesis temperature of 15 °C,
with 35% by weight Pluronic® P104 and 65 % by weight Pluronic® F108, in 1.9 M HCl
solution. Sample taken at point of filtration. The red arrow indicates structure in which
the helical radii of the entwined nanotubes is different, the blue arrow indicates a lefthanded double-helical structure and the green arrow indicates a right-handed doublehelical structure.
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In TEM images (Figure 5.3(A), (B)) of a sample synthesized with 35% by weight Pluronic®
P104 with 65% by weight Pluronic® F108 in 2.0 M HCl solution, and taken before the typical
hydrothermal treatment of 100 °C for 24 h, structures can be seen that can retrospectively be
identified as the double-helical structures based on images acquired after hydrothermal treatment
(Figure 5.3(C), (D)). The difference in appearance can be attributed to a softness in the sample
with only the low temperature synthesis step, resulting from a lack of the structural stability
potentially gained from the hydrothermal treatment (see Section 5.3.7 for more on hydrothermal
treatment of these materials). The double-helical, and other structures, are clearly visible in TEM
images of a sample taken after hydrothermal treatment (Figure 5.3(C), (D)). It can be seen that
the double-helical structures form not only from individual tubes (presumably spontaneously)
wrapping around each other, but also from single nanotubes wrapping about themselves,
evidenced by a loop at one end of some of the structures (Figure 5.3(C), red arrows). It was often
seen in cases like this, that the nanotube seems to be wrapped around a small sphere, dumbbell
shaped structure, or small nanotube segment, with the free ends of the tube twisted about each
other to form a double helix. Although the double-helical structures and variations of such
structures are the primary components in these syntheses, other structures (such as the singlehelices wrapped about a tube segment, described above) typically appear, but in a lesser degree.
One minority component that appears in substantial quantities under certain synthesis conditions
is a structure that seems to consist of a nanotube or nanotubes wrapped around a large sphere
(“nanotube-wrapped sphere”), and it is often seen integrated within or at the ends of the doublehelical structures (Figure 5.3(C), blue arrows). Figure 5.4 shows TEM images of such a single
nanotube-wrapped sphere taken at progressive angles over the face of the sphere, enabling a
simulated 3-dimensional viewpoint in which the spherical core and wrapping nanotube are
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evident. Analogous structures can be identified in SEM images (Figure 5.5, blue arrows) wherein
the wrapped nanotube can be seen but not the underlying sphere, due to the nature of the
scanning electron microscopy (SEM) imaging process (see Section 1.6.2). One or more junction
points at which additional nanotube segments became incorporated into the double helix are a
feature sometimes seen in the various syntheses and evident in Figure 5.6(A). The path of the
individual nanotubes is difficult to trace in TEM images, but it appears in some cases that one of
the two nanotubes constituting the main structure diverges away from the nanotube it is wound
with and intertwines with a third nanotube forming a secondary double helical structure.
Meanwhile, one end of the third nanotube may then continue the double helix on the main
structure in place of the nanotube that diverged.
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Figure 5.3 TEM images of silica synthesized at initial synthesis temperature of 15 °C, with 35% by weight Pluronic®
P104 and 65 % by weight Pluronic® F108, in 2.0 M HCl solution. (A), (B) Sample taken before hydrothermal treatment,
and (C), (D) sample taken after hydrothermal treatment at 100 °C (from point of filtration). Red arrows indicate the
loop end of a single nanotube wrapped about itself; blue arrows indicate large spheres wrapped with nanotubes.

Figure 5.4 TEM images of a nanotube-wrapped sphere taken from different, progressive angles.
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Figure 5.5 SEM images of as-synthesized silica synthesized at initial synthesis
temperature of 15 °C, with 35% by weight Pluronic® P104 and 65 % by weight Pluronic®
F108, in 2.0 M HCl solution. Blue arrows indicate nanotubes wrapped around large
spheres (see also Figure 5.3(C) and Figure 5.4).

The synthesized samples were generally able to withstand the drying process, with primarily
intact structures evident in TEM images (Figure 5.6(A), (B)) and SEM images (Figure 5.5) of
samples from the aforementioned synthesis. While the samples became quite aggregated after
either high or low temperature calcination, intact individual double-helical structures are visible
at the perimeter and the thinner parts of the aggregates (Figure 5.6(C), (D)). A sample calcined at
550 °C has similar adsorption isotherms and pore size distribution (Figure 5.7) to a sample
calcined at 300 °C, which in conjunction with the TEM images of the samples, implies that the
structural integrity is retained through both the drying and template removal processes even at
the higher calcination temperature. Nitrogen adsorption isotherms (Figure 5.7) indicate that the
pores in these silicas are accessible through openings greater than 5 nm, as the desorption occurs
at a relative pressure of ~0.6, above the lower pressure limit of adsorption-desorption hysteresis.
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The capillary condensation step is at a high relative pressure (P/P0 > 0.95), suggesting a large
inner pore diameter. Nominal pore sizes are very large (over 60 nm), but are an overestimation as
in previously discussed cases, since the method employed is not calibrated for large cylindrical
pores such as those being analyzed here. Based on TEM images, and other work54 of our group
with nanotubes, the inner pore diameters are most likely between 30 and 35 nm.
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D

Figure 5.6 TEM images of silica synthesized at initial synthesis temperature of 15 °C, with 35% by weight Pluronic®
P104 and 65 % by weight Pluronic® F108, in 2.0 M HCl solution. (A), (B) As-synthesized, after drying (red arrow
indicates branching in the double-helical structure), (C) calcined at 550 °C, and (D) calcined at 300 °C.
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Figure 5.7 Nitrogen adsorption data for silica synthesized at initial synthesis temperature of 15 °C, with 35% by weight Pluronic®
P104 and 65 % by weight Pluronic® F108, in 2.0 M HCl solution with surfactants removed by calcination at different
temperatures. (A) Nitrogen adsorption isotherms, and (B) pore size distributions.

5.3.2. Initial synthesis temperature and framework precursor volume
Under the conditions studied, formation of a double-helical structure as a primary component of
synthesis was highly dependent on the initial synthesis temperature, with a temperature of 15 °C
determined to be the optimal temperature to obtain double-helical structures. When the initial
synthesis temperature was varied by even 1 °C above or below the optimal temperature when
using a surfactant mixture consisting of 30% by weight Pluronic® P104 and 70% by weight
Pluronic® F108, the primary product was typically nanotubes, based on TEM images (Figure
5.8). The tubes were very large and many of them were flattened. The tubes apparently were not
mechanically stable enough to sustain drying and calcination, evidenced by an absence of a peak
on pore size distributions (not shown). The system as studied (30% Pluronic® P104 by weight,
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70% Pluronic® F108 by weight) was also very sensitive to the volume of framework precursor
used in the synthesis. The optimal relative amount of TEOS was found to be 2.55 mL per gram
of surfactant mixture. Varying the volume of TEOS by only 0.1 mL more or less than the
optimal quantity suppressed or inhibited formation of the double-helical structure as a primary
product. Although helical structures are still identifiable in TEM images (Figure 5.9), they
appear not to be the major component.
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Figure 5.8 TEM images of silicas synthesized with 30% by weight Pluronic® P104 and 70% by weight Pluronic® F108,
with 2.55 mL TEOS at initial synthesis temperatures below and above ideal temperature for obtaining double-helical
structures. Samples taken at point of filtration. (A) Initial synthesis temperature of 14 °C, and (B) initial synthesis
temperature of 16 °C.
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Figure 5.9 TEM images of silicas synthesized with 30% by weight Pluronic® P104 and 70% by weight Pluronic® F108, at
initial synthesis temperature of 15 °C with relative volumes of TEOS below and above the ideal volume for obtaining
double-helical structures. Samples as synthesized, after filtration and drying. (A) Synthesized with 2.45 mL TEOS, and
(B) synthesized with 2.65 mL TEOS.

5.3.3. Stirring rate
Although the optimal stirring rate for obtaining double-helical structures was determined to be
200 revolutions per minute (rpm) when using a surfactant mixture consisting of 35% by weight
Pluronic® P104 and 65% by weight Pluronic® F108 at 15 °C in 2.0 M HCl, the synthesis system
was found to be able to tolerate moderate (~50 rpm) changes in stirring rate while still yielding
helical structures as a major component, although possibly in reduced quantity (Figure 5.10).
Figure 5.10(B) includes a double-helical structure in which the ends of the two winding
nanotubes are seen to be closed (“capped”), a feature seen on many occasions in images from the
double-helical syntheses and often seen in the syntheses of nanotubes (see Section 4.3).
Although silicas synthesized with 150, 200, and 250 rpm stirring rates have similar nitrogen
adsorption isotherms and pore size distributions (likely within the range of reproducibility of the
measurement for these large pore silicas), a sample synthesized with 300 rpm stirring rate shows
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no obvious peak on its pore size distribution (Figure 5.11). For a surfactant mixture consisting of
30% by weight Pluronic® P104 and 70% by weight Pluronic® F108 the stirring rate of 200 rpm
was also found to be optimal for obtaining double-helical structures, although reproducibility
was challenging using that particular surfactant ratio. Table 5.1 summarizes some of the
structural parameters for the silicas synthesized with 35% by weight Pluronic® P104 and 65%
by weight Pluronic® F108, at different stirring rates. All of the silicas that can be clearly
identified as consisting of primarily double-helical structures (150, 200, 250 rpm) have relatively
high specific surface areas and high total pore volumes. The pore diameters provided (WKJS) are
overestimations and based on TEM are actually ~35 nm in each of the three aforementioned
cases.
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Figure 5.10 TEM images of silicas synthesized with 35% by weight Pluronic® P104 and 65% by weight Pluronic® F108,
at initial synthesis temperature of 15 °C with different stirring rates. Samples taken at point of filtration. (A) 150 rpm,
(B) 200 rpm (red arrow indicates “capped” nanotube ends), (C) 250 rpm, and (D) 300 rpm.
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Figure 5.11 Nitrogen adsorption data for silicas synthesized with 35% by weight Pluronic® P104 and 65% by weight Pluronic® F108,
at initial synthesis temperature of 15 °C with different stirring rates. (A) Nitrogen adsorption isotherms, and (B) pore size
distributions. Isotherms for samples prepared with a stirring rate of 200 rpm, 250 rpm, and 300 rpm were offset vertically by 600,
1200, and 1800 cm3 STP g-1, respectively.

Table 5.1 Structural parameters of silicas synthesized with different stirring rates
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5.3.4. Varying relative weight percentages of surfactants
To obtain double-helical structures under the considered conditions, the optimal ratio of
Pluronic® P104 and Pluronic® F108 in the mixed surfactant system was determined to be 35%
by weight Pluronic® P104 with 65% by weight Pluronic® F108. The material resulting from
such a ratio as template was discussed in Section 5.3.1. However, in 2.0 M HCl solution with an
initial synthesis temperature of 15 °C, double-helical structures of varying quantity and quality,
along with other structures, were obtainable through a relatively broad range of surfactant ratios.
For synthesis in which the relative weight percentages of surfactants were 20% Pluronic® P104
and 80% Pluronic® F108, no double-helical structures are evident in TEM images (Figure
5.12(A)). The silica seems to consist primarily of nanotube bundles, circular nanotube bundles
and ordered 2-D hexagonal regions of nanotubes, with a substantial amount of spheres present.
Nitrogen adsorption isotherms (Figure 5.13) indicate narrow (below 5 nm) constrictions (maybe
micropores) to the mesopores, evidenced by desorption occurring mainly at the lower pressure
limit of hysteresis. When the relative weight percent of Pluronic® P104 was increased to 25%,
the silica obtained appears similar to that synthesized with a lesser relative amount of Pluronic®
P104, but a very limited quantity of double-helical structures can be seen among the various
nanotube bundles (Figure 5.12(B)). Nitrogen adsorption isotherms (Figure 5.13) exhibit a broad
hysteresis loop like the material synthesized with 20% by weight Pluronic® P104, but in this
case, desorption occurs primarily above the lower pressure limit of hysteresis, suggesting the
constrictions to the mesopores are larger. Upon further increase of the relative weight percent of
Pluronic® P104 to 30%, double-helical structures become the primary structure visible in TEM
images (Figure 5.12(C)). However, reproducibility of the syntheses with this particular surfactant
ratio was challenging, and not consistent. Double-helical structures were obtained in high yield
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from syntheses in which the relative weight percent of Pluronic® P104 was 32.5%, and the
syntheses were found to be reproducible. However, the structures were perhaps not as regular as
in some other syntheses and there was a heavy contamination, especially of spheres with one or
more nanotubes wrapped around them (“nanotube-wrapped spheres”), and various other spiral
structures (Figure 5.12(D)). The material has minimal population of small-diameter constrictions
to the mesopores, evidenced by a relatively narrow hysteresis loop similar to that obtained from
synthesis with 35% by weight Pluronic® P104 (see discussion in Section 5.3.1).
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Figure 5.12 TEM images of silicas synthesized at initial synthesis temperature of 15 °C with varying weight percentages
in Pluronic® P104 and Pluronic® F108 mixtures totaling 1 g. Samples taken at point of filtration. (A) 20% P104, 80%
F108, (B) 25% P104, 75% F108, (C) 30% P104, 70% F108, and (D) 32.5% P104, 67.5% F108.
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Figure 5.13 Nitrogen adsorption data for silicas synthesized at initial synthesis temperature of 15 °C with varying weight
percentages in Pluronic® P104 and Pluronic® F108 mixtures totaling 1 g. (A) Nitrogen adsorption isotherms, and (B) pore size
distributions. Isotherms for samples prepared with 25%, 30%, 32.5%, 35%, 37.5%, 40%, 45%, and 50% by weight Pluronic® P104
were offset vertically by 400, 800, 1200, 1600, 2000, 2400, 2800, and 3200 cm3 STP g-1, respectively.

When the relative weight percent of Pluronic® P104 was raised above the optimal 35% (see
Section 5.3.1) to 37.5%, the helical structures became much less regular in some places, and
segments of the double helices in which the constituent tubes have a variable diameter can be
seen in TEM images (Figure 5.14(A)). Nitrogen adsorption isotherms (Figure 5.13) are similar to
those obtained from syntheses with 30%, 32.5%, and 35% by weight Pluronic® P104. With a
further increase of the relative weight percent of Pluronic® P104 to 40%, the content of doublehelices in which the diameter of the tubes changes along the structure substantially increased,
based on TEM images (Figure 5.14(B)). Nitrogen adsorption isotherms (Figure 5.13) were still
similar to those obtained from syntheses with relative weight percentages of Pluronic® P104 in
the 30% – 37.5% range. Although the helices with variable diameter were still obtained in
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synthesis with weight percent of 45% Pluronic® P104 in the surfactant mixture, they are less
obvious and less regular, and nearly no double-helices of regular diameter are visible in TEM
images (Figure 5.14(C)). Other structures are more prominent, including single-helical nanotubes
wrapped around other nanotubes (also seen in Figure 5.1) and multi-layer structures of spherical
shells. The multi-layer structures are seen to be the dominant structure in TEM images from a
sample synthesized with a weight percent of 50% of Pluronic® P104 in the surfactant mixture
(Figure 5.14(D)).
Table 5.2 summarizes some structural parameters for silicas synthesized with different relative
weight percentages of Pluronic® P104 and Pluronic® F108. The materials consisting of
primarily double-helical structures have high specific surface areas (as high as 875 m2 g-1) and
very high total pore volumes, a feature that appears to be characteristic for these materials. While
nominal pore diameters for these aforementioned silicas range from 51 nm – 68 nm, these
overestimations are possibly all in a similar range in relation to reproducibility of the adsorption
measurements for this type of material, and the pore diameters are likely ~35 nm in each case.

Table 5.2 Structural parameters for silicas synthesized with different relative weight
percentages of Pluronic® P104 in Pluronic® P104 / Pluronic® F108 mixtures
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Figure 5.14 TEM images of silicas synthesized at an initial synthesis temperature of 15 °C with varying weight
percentages in Pluronic® P104 and Pluronic® F108 mixtures totaling 1 g. Samples taken at point of filtration. Red
arrows indicate segments in which the structure formed from the entwined tubes has a variable diameter (A) 37.5%
P104, 62.5% F108, (B) 40% P104, 60% F108, (C) 45% P104, 55% F108, and (D) 50% P104, 50% F108.

5.3.5. Concentration of HCl
The effect of HCl concentration on the formation of double-helical and related structures was
examined for various HCl concentrations ranging from 1.3 M to 2.5 M in the system employing
a surfactant mixture consisting of 35% by weight Pluronic® P104 with 65% by weight
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Pluronic® F108. Double-helical structures were obtainable to varying extent and with varying
quality for concentrations of HCl between 1.3 M and 2.2 M, and the optimal concentration was
determined to be 1.9 M under the applied experimental conditions. Although double-helical
structures can be clearly seen in TEM images (Figure 5.15(A)) of a sample from a synthesis with
1.3 M HCl, the primary structures visible are very large nanotubes, of which a substantial
number appear flattened, an observation supported by the lack of an obvious peak on the pore
size distribution for the material (Figure 5.16). Although quite a bit of tube and flattened tube
content is still visible in a sample synthesized using 1.5 M HCl, the primary structures are the
double-helices, many of which appear to consist of tubes with different helical radii (Figure
5.15(B)). The material shows a broad pore size distribution (Figure 5.16), likely due to the
persisting content of flattened nanotubes. There is no non-helical nanotube content visible in
TEM images of material synthesized with 1.7 M HCl, the primary structure being the doublehelical nanotubes (Figure 5.15(C)). Noticeably, there is little evidence of the nanotube-wrapped
spheres often seen as separate additional products or integrated into the double helical structures.
The material exhibits a relatively narrow pore size distribution, with a nominal pore size of ~44
nm, which is considerably smaller than the nominal pore sizes obtained from samples of wellformed double-helical structures synthesized with higher HCl concentrations (Figure 5.16).
Silica synthesized with an HCl concentration of 1.9 M had a significant quantity of well-formed
double-helical structures (Figure 5.15(D)) and less visible contamination overall than material
synthesized with 2.0 M HCl (Figure 5.17(A)), including less contamination with nanotubewrapped spheres. Pore size distributions for both materials are relatively narrow and reflect a
nominal inner pore diameter of ~64 nm for material synthesized with 1.9 M HCl and a similar
nominal pore diameter of ~68 nm for the material synthesized with 2.0 M HCl.
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Figure 5.15 TEM images of silicas synthesized at initial synthesis temperature of 15 °C with 35% by weight Pluronic®
P104 and 65% by weight Pluronic® F108, with different concentrations of aqueous HCl between 1.3 and 1.9 M.
Samples taken at point of filtration. (A) 1.3 M HCl, (B) 1.5 M HCl, (C) 1.7 M HCl, and (D) 1.9 M HCl.

177

Figure 5.16 Nitrogen adsorption data for silicas synthesized at an initial synthesis temperature of 15 °C with 35% by weight
Pluronic® P104 and 65% by weight Pluronic® F108, with different concentrations of aqueous HCl between 1.3 and 2.2 M. (A)
Nitrogen adsorption isotherms, and (B) pore size distributions. Isotherms for samples prepared with 1.5, 1.7, 1.9, 2.0, 2.1, 2.2,
and 2.5 M HCl were offset vertically by 400, 800, 1200, 1600, 2000, 2400, and 2800 cm3 STP g-1, respectively.

Double-helical structures in high yield were still obtained from synthesis with 2.1 M HCl, but
based on TEM images (Figure 5.17(B)), the structures are perhaps less regular than those
obtained with 1.9 M and 2.0 M HCl, and there is noticeable contamination with the nanotubewrapped spheres. The material has a relatively narrow pore size distribution which indicates a
nominal pore diameter of ~49 nm (Figure 5.16), although based on TEM the material appears to
have a pore diameter of ~35 nm, equivalent to many of the other silicas similarly synthesized.
While double-helical structures were still accessible to some extent using 2.2 M HCl, the
structures appear much less regular in TEM images (Figure 5.17(C)). There is a visible increase
in helical structures with an apparently variable diameter, as well as other helical structures and
fragments. However, the material exhibits a relatively narrow pore size distribution and a
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nominal pore diameter (~63 nm) comparable to those of silicas synthesized with 1.9 M and 2.0
M HCl (Figure 5.16). For material obtained when the concentration of HCl was increased to 2.5
M, there are no longer any double-helical structures visible in TEM images (Figure 5.17(D)).
While there are some nanotube-wrapped spheres detectable, the material appears to primarily
consist of tube bundles in small 2-D hexagonally arranged domains. The pore size distribution
(Figure 5.16) for this material indicates a nominal pore size of ~58 nm, corresponding to an
extremely large pore size for an SBA-15-type material (see Section 1.2.3 and Chapter 3). Table
5.3 summarizes some structural parameters for the silicas synthesized with different
concentrations of HCl. As in other cases of similar syntheses, the silicas have relatively high
specific surface areas and high total pore volumes.

Table 5.3 Structural parameters for silicas synthesized with different concentrations of HCl
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Figure 5.17 TEM images of silicas synthesized at initial synthesis temperature of 15 °C with 35% by weight Pluronic®
P104 and 65% by weight Pluronic® F108, with different concentrations of aqueous HCl between 2.0 and 2.5 M.
Samples taken at point of filtration. (A) 2.0 M HCl, (B) 2.1 M HCl, (C) 2.2 M HCl, and (D) 2.5 M HCl.

5.3.6. Swelling agent
The quantity of swelling agent (toluene) used in most of the syntheses of double-helical
structures described here was 3 mL, which in the case of silica nanotubes synthesized with a
similar mixed surfactant (Section 4.3.4), was likely in excess of the amount actually taken up by
the micelles. The silica nanotubes which compose the double-helical structures have a much
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larger inner pore diameter than those individual nanotubes, possibly due to an increase in uptake
of toluene into the micelles during composite micelle formation. In any case, the pore sizes of the
silica nanotubes synthesized at room temperature in a similar system were adjustable through
modification of the amount of swelling agent used (Section 4.3.4), a tendency seen in earlier
work54 by our group. In the currently described syntheses, pore size and structural dependence of
the double-helical structures on the relative amount of swelling agent was examined to determine
if the trends seen in similar systems for pore size would be emulated, and if formation of the
double-helical structures had a discernible dependence on the quantity of swelling agent.
For synthesis with 35% by weight Pluronic® P104 with 65% by weight Pluronic® F108
surfactant mixture in 2.0 M HCl solution, double-helical structures were obtained with relative
quantities of toluene between 1.5 and 4.0 mL per gram of surfactant mixture. Bundles of tubes
are visible in TEM images (Figure 5.18(A), (B)) of the silicas obtained using the smallest
amounts of toluene (1.5 mL and 2.0 mL), with increased amounts seen in silica synthesized at
the lower volume. The tube bundles can sometimes be seen to transition into (or out of) the
double helical structures. In the silica synthesized with 1.5 mL toluene, nanotubes or tube
bundles are often wrapped in single- or multi-layers around spheres or other objects (possibly
wrapped without a central object in some cases), and often transition into other arrangements,
such as unwrapped nanotubes/nanotube bundles, and double-helical structures. Silica synthesized
with 2.5 mL toluene (Figure 5.18(C)) more closely resembles the silica synthesized with 3.0 mL
toluene (Figure 5.18(D)), which has been detailed in previous sections. Nitrogen adsorption
isotherms for silicas synthesized with 1.5, 2.0, 2.5, and 3.0 mL are similar, and pore size
distributions (Figure 5.19) as well as pore size estimates from TEM images seem to suggest an
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increase of pore size as the volume of swelling agent was increased, although the relative content
of double-helical structures in each synthesis should be taken into consideration.
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Figure 5.18 TEM images of silicas synthesized at an initial synthesis temperature of 15 °C with 35% by weight Pluronic®
P104 and 65% by weight Pluronic® F108, with different quantities of swelling agent (toluene) up to 3.0 mL. (A) 1.5 mL,
(B) 2.0 mL, (C) 2.5 mL, and (D) 3.0 mL.
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Figure 5.19 Nitrogen adsorption data for silicas synthesized at an initial synthesis temperature of 15 °C with 35% by weight
Pluronic® P104 and 65% by weight Pluronic® F108, with different relative quantities of swelling agent (toluene) up to 3.0 mL. (A)
Nitrogen adsorption isotherms, and (B) pore size distributions. Isotherms for samples prepared with 2.0, 2.5, and 3.0 mL of
toluene were offset vertically by 400, 800, and 1200 cm3 STP g-1, respectively.

Increase of swelling agent volume used in synthesis to 3.5 mL or 4.0 mL per gram of surfactant
mixture yielded silicas with greater quantities of double-helical structures than the silicas
synthesized with amounts below 3.0 mL, based on TEM images (Figure 5.20). These silicas
appear very similar to that prepared with 3.0 mL toluene (Figure 5.18(D)) and have similar
nitrogen adsorption isotherms, and pore size distributions (Figure 5.21) indicating similar
nominal pore sizes. The similar pore sizes suggested from nitrogen adsorption data do not
necessarily negate any possible correlation between relative quantity of swelling agent and pore
size for smaller amounts of toluene, as the larger quantity of toluene used in these cases is
probably in excess of the amount taken up into the composite micelles. Table 5.4 summarizes
some structural parameters for the silicas synthesized with different amounts of toluene. All of
183

the silicas have relatively large specific surface areas and large total pore volumes as in the
majority of similar syntheses.

Figure 5.20 TEM images of silicas synthesized at an initial synthesis temperature of 15 °C with 35% by weight Pluronic®
P104 and 65% by weight Pluronic® F108, with different quantities of swelling agent (toluene) over 3.0 mL. (A) 3.5 mL
toluene, 2.0 M HCl, (B) 3.5 mL toluene, 2.1 M HCl, and (C) 4.0 mL toluene, 2.0 M HCl.
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Figure 5.21 Nitrogen adsorption data for silicas synthesized at an initial synthesis temperature of 15 °C with 35% by weight
Pluronic® P104 and 65% by weight Pluronic® F108, with different relative quantities of swelling agent (toluene) over 3.0 mL. (A)
Nitrogen adsorption isotherms, and (B) pore size distributions. Isotherms for 3.5 mL toluene, 2.1 M HCl and 4.0 mL toluene, 2.0
M HCl were offset vertically by 900 and 1400 cm3 STP g-1, respectively.

Table 5.4 Structural parameters of silicas synthesized with different amounts of toluene
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5.3.7. Hydrothermal treatment temperature
For most of the syntheses described here, the hydrothermal treatment involved maintaining the
reaction mixture at 100 °C for 24 h without stirring, after completion of the low temperature step
of synthesis (usually 24 h at 15 °C with stirring, after addition of TEOS). A series of syntheses
with different hydrothermal treatment temperatures was carried out to examine the effect on the
structure of double-helical structures, and to assess the dependence of pore size on hydrothermal
treatment temperature. As a concentration of 1.9 M HCl was determined (Section 5.3.5) to be
optimal for synthesis under the studied experimental conditions, that concentration was used in
the investigation of hydrothermal treatment.
For a sample taken at the point of filtration from a synthesis in which the hydrothermal treatment
step was omitted entirely, structures can be seen in TEM images (Figure 5.22(A)) that can be
identified as double-helical structures, although not as distinct, so the identification is partially
based on other images which more clearly show the double-helical structure (see Section 5.3.1).
The lack of distinction in the images can be ascribed to a lack of structural integrity, a
supposition supported by a lack of a peak on the material’s pore size distribution (Figure 5.23),
suggesting that without a hydrothermal treatment, the structure was not mechanically stable
enough to withstand drying and calcination. Double-helical, as well as other typically seen
structures can clearly be identified in TEM images of a sample given a hydrothermal treatment
of 60 °C for 24 h (Figure 5.22(B)). However, the lower temperature hydrothermal treatment is
apparently still insufficient to impart adequate mechanical stability to the majority of structures,
as an obvious peak is still absent from the pore size distribution for this material (Figure 5.23).
As with the sample that did not have hydrothermal treatment, nitrogen adsorption isotherms
(Figure 5.23) for the sample with 60 °C hydrothermal treatment show that desorption takes place
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primarily at the lower limit of hysteresis (relative pressure of ~0.5), indicating constrictions of <
5 nm to the primary mesopores. However, unlike the sample without hydrothermal treatment, an
increased uptake of nitrogen is evident above a relative pressure of ~0.95, indicating a lack of
consolidation upon calcination which apparently took place for the material prepared without
hydrothermal treatment. When the hydrothermal treatment temperature was increased to 80 °C,
double-helical structures are clearly evident in TEM images of a sample taken at the point of
filtration (Figure 5.22(C)), as expected based on what was seen from the synthesis with 60 °C
hydrothermal treatment. After calcination the structures are difficult to discern in TEM images
(Figure 5.22(D)) because they are heavily aggregated and can only be seen along the thinner
edges of thick aggregates. However, based on what can be seen of the structures in the TEM
images and on an obvious peak on the material’s pore size distribution (Figure 5.23), the
mechanical stability of the structures synthesized with 80 °C hydrothermal treatment was
sufficient to withstand drying and calcination. The pore size distribution indicates a nominal pore
size of ~35 nm, much smaller than the nominal pore diameters of similar silicas synthesized with
a greater hydrothermal treatment temperature. Although the hysteresis loop for nitrogen
adsorption isotherms is still broad (Figure 5.23), as in the cases of materials synthesized with
lower temperature or with no hydrothermal treatment, the closure is not as steep, with more
desorption occurring at higher relative pressures.
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Figure 5.22 TEM images of silicas synthesized with 35% by weight Pluronic® P104 and 65% by weight Pluronic® F108
mixtures, with different hydrothermal treatment (HT) temperatures. (A) Without HT at point of filtration, (B) 60 °C HT
at point of filtration, (C) 80 °C HT at point of filtration, and (D) 80 °C HT after calcination at 550 °C for 5 h.
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Figure 5.23 Nitrogen adsorption data for silicas synthesized with 35% by weight Pluronic® P104 and 65% by weight Pluronic®
F108 mixtures, with different hydrothermal treatment (HT) temperatures. (A) Nitrogen adsorption isotherms, and (B) pore size
distributions. Isotherms for samples prepared with 60 °, 80 °, 100 °, 110 °, 120 °, and 125 °C were offset vertically by 400, 800,
1200, 1600, 2000, and 2400 cm3 STP g-1, respectively.

Silica synthesized with a hydrothermal treatment temperature of 100 °C (also see Section 5.3.5),
displayed a relatively narrow pore size distribution (Figure 5.23) with a substantial increase in
nominal pore size to ~64 nm. Nitrogen adsorption isotherms (Figure 5.23) show a much greater
nitrogen uptake above a relative pressure of ~0.95 indicating larger pore sizes, and desorption
takes place well above the lower limit of hysteresis (relative pressure of ~0.5), indicating a lack
of smaller constrictions (< 5 nm) to the primary mesopores. In TEM images of a sample taken at
the point of filtration (Figure 5.15(D), Figure 5.24(A)), the material appears much like that from
the synthesis with 80 °C hydrothermal treatment. After calcination the material appears slightly
less tightly aggregated, with many more individual double-helical structures identifiable in some
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regions (Figure 5.24(B)), possibly due to decrease in consolidation brought on by the increased
hydrothermal treatment temperature (see discussion about hydrothermal treatment and
consolidation for SBA-15 in Section 3.3.1.2.). A few of the structures appear to be broken on one
end, possibly from damage from sonication in preparation for imaging. Further increase of
hydrothermal treatment temperature to 110 °C yielded silica with a pore size distribution (Figure
5.23) suggesting a further increase in nominal pore diameter to ~78 nm, although the pore size
increase is not obvious from TEM. The material displays a narrower hysteresis loop (Figure
5.23) than the sample with 100 °C hydrothermal treatment, indicating further elimination of
constrictions to the primary mesopores. The double-helical structures appear less aggregated in
images of samples taken both from the point of filtration (Figure 5.24(C)) and after calcination
(Figure 5.24(D)).
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Figure 5.24 TEM images of silicas synthesized with 35% by weight Pluronic® P104 and 65% by weight Pluronic® F108
mixture, with different hydrothermal treatment (HT) temperatures. (A) 100 °C HT from point of filtration, (B) 100 °C
HT calcined at 550 °C, (C) 110 °C HT from point of filtration, and (D) 110 °C HT calcined at 550 °C.

An increase in hydrothermal treatment temperature to 120 °C produced material displaying an
even narrower hysteresis on nitrogen adsorption isotherms (Figure 5.23), indicating much more
accessible primary mesopores. The pore size distribution (Figure 5.23) indicates a nominal pore
diameter > 90 nm, although TEM images (Figure 5.25) suggest an actual pore size of ~35 nm for
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as-synthesized sample (Figure 5.25(A)) and ~32 nm for calcined sample (Figure 5.25(B)). The
double helical structures are clearly evident in TEM images from before (Figure 5.25(A)) and
after calcination (Figure 5.25(B)), and for the most part appear intact. In some cases, likely due
to a thinning of the pore walls caused by the increased hydrothermal treatment temperature (see
Section 1.2.4.5.5), parts of the constituent tube walls appear damaged (Figure 5.25(B)), likely
contributing to the inaccuracy of pore sizes assessed through the material’s pore size distribution.
Nitrogen adsorption isotherms (Figure 5.23) for silica synthesized with a hydrothermal treatment
temperature of 125 °C are very similar to those of the material with 120 °C hydrothermal
treatment. The pore size distribution indicates a nominal pore diameter > 100 nm but based on
TEM the pore size is again realistically between 30 and 35 nm. Although some damage to the
tube walls is apparent, as expected at the yet higher hydrothermal treatment temperature, the
double helical structures are still evident and generally appear intact before (Figure 5.25(C)) and
after (Figure 5.25(D)) calcination. Table 5.5 summarizes some structural parameters for the
silicas synthesized without hydrothermal treatment and with different treatment temperatures.
All of the materials synthesized with a hydrothermal treatment exhibit reasonably high specific
surface areas and the materials synthesized with higher hydrothermal treatment temperatures
have large total pore volumes. It should be recalled that the nominal pore diameters estimated
from pore size distributions are overestimations, the values increasingly overestimated as the
hydrothermal treatment temperature was increased, with actual pore diameters likely in the range
of 30 – 40 nm based on TEM. In any case, there is some evidence of pore diameter dependence
on the hydrothermal treatment temperature.
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Figure 5.25 TEM images of silicas synthesized with 35% by weight Pluronic® P104 and 65% by weight Pluronic® F108
mixtures, with different hydrothermal treatment (HT) temperatures. (A) 120 °C HT from point of filtration, (B) 120 °C
HT calcined at 550 °C, (C) 125 °C HT from point of filtration, and (D) 125 °C HT calcined at 550 °C.
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Table 5.5 Structural parameters for silicas synthesized with different hydrothermal
treatment temperatures

5.3.8. Reproducibility and alternate surfactant
5.3.8.1. Synthesis with alternate batch of Pluronic® F108

Keeping in mind that the presumed molecular weights and block lengths of commercial PEOPPO-PEO triblock surfactants are averages73 and these copolymers are likely contaminated with
diblock73, 279-280 and/or homopolymers280, it can be concluded that there may then be some
variations in the composition, and thus possibly the templating behavior of different batches of
the same designated surfactant. To determine if the studied templating of double-helically wound
silica nanotubes would be compromised by small changes in the overall composition of
Pluronic® F108, syntheses were carried out using an alternate batch of Pluronic® F108, from a
different lot (Lot: WPDI607E). Although slight modifications to the optimal conditions
established for the originally used batch of Pluronic® F108 (Lot: WPWH626C) were made to
optimize the synthesis, double-helical structures of comparable quantity and quality were still
easily obtainable using the alternate batch of Pluronic® F108.
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With the alternate batch of surfactant, synthesis using 35% by weight Pluronic® P104 with 65%
by weight Pluronic® F108 in 2.0 M HCl solution already produced double-helical structures
(Figure 5.26(A)). However, modification to a relative weight percent of 37.5% Pluronic® P104
with 62.5% Pluronic® F108 in 2.0 M HCl solution was found optimal to produce double-helical
structures comparable to those obtained with the originally used batch of Pluronic® F108
(Figure 5.26(B)). It is noteworthy that under the modified conditions for the templating using an
alternate batch of Pluronic® F108, there appears to be a significantly reduced quantity of the
structures consisting of large spheres with nanotubes wrapped about them. Figure 5.27 compares
nitrogen adsorption data for silica synthesized with the originally used batch, and silicas
synthesized with the alternate batch of Pluronic® F108. Nitrogen adsorption isotherms are very
similar in each case, and pore size distributions reflect very similar pore sizes, likely within
reproducibility of the measurements.

A

B

Figure 5.26 TEM images of silicas synthesized with a different batch of Pluronic® F108 in the surfactant mixture of
Pluronic® P104 with Pluronic® F108. Samples taken at point of filtration. (A) Synthesized with 35% by weight Pluronic®
P104 and 65% by weight Pluronic® F108, and (B) synthesized with 37.5% by weight Pluronic® P104 and 62.5% by
weight Pluronic® F108.
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Figure 5.27 Nitrogen adsorption data for silicas synthesized with originally used batch, and with different batches of Pluronic®
F108, in mixtures of Pluronic® P104 with Pluronic® F108. (A) Nitrogen adsorption isotherms, and (B) pore size distributions.
* Different batch of Pluronic® F108 used in synthesis. Isotherms for samples 37.5% P104 / 62.5% F108* and 35% P104 / 65%
F108 were offset vertically by 700 and 1400 cm3 STP g-1, respectively.

5.3.8.2. Replacement of Pluronic® P104 with Pluronic® P105

To assess dependence of the system on the specific surfactants, syntheses were also carried out
with alternate surfactants of similar composition. Pluronic® P105 was chosen to replace
Pluronic® P104 due to its similar percentage of hydrophilic (PEO) blocks (~50% in Pluronic®
P105 compared to ~40% in Pluronic® P104) and similar sized hydrophobic (PPO) block (~60
repeating units). The relative weight percent used was chosen to emulate the overall PEO content
(percentage) in the surfactant mixture consisting of 35% by weight Pluronic® P104 with 65% by
weight Pluronic® F108. Syntheses were done with 45% by weight Pluronic® P105 with 55%
Pluronic® F108, and also with 40% by weight Pluronic® P105 with 60% by weight Pluronic®
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F108. In both cases, double-helical structures can be seen in TEM images (Figure 5.28), though
in a limited quantity compared to syntheses under similar conditions using Pluronic® P104.
There is a noticeable nanotube content, and most of the visible double-helical structures either
have segments (Figure 5.28(D)), and/or terminate (Figure 5.28(A)) in such a way that the
individual tubes making up the helices are not wound about each other in these locations, or are
wound less tightly in these locations than in the uniform helix. The results using Pluronic® P105
in place of Pluronic® P104 are promising and informative, indicating that the particular
surfactant is not intrinsic to formation of the double-helical structure, with the relative
percentages of hydrophilic and hydrophobic blocks being more relevant. Similar syntheses were
also attempted using similarly chosen quantities of Pluronic® P103 and Pluronic® P123 as
alternates to Pluronic® P104, but under the currently used experimental conditions, no evidence
was yet found of double-helical structures using these surfactants with Pluronic® F108. Based
on the preliminary results with replacement of Pluronic® P104 with Pluronic® P105, in which
the one surfactant and relative weight percent of both surfactants were the only changes from the
typical synthesis, obtaining the double-helical structures with other alternate surfactants is
plausible with other modifications to the experimental conditions.
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A

B

C

D

Figure 5.28 TEM images of silicas synthesized with mixtures of Pluronic® P105 and Pluronic® F108. Samples taken at
point of filtration. (A), (B) 40% by weight Pluronic® P105 with 60% by weight Pluronic® F108 (red arrow indicates
double helix that terminates with the tubes wound less tightly), and (C), (D) 45% by weight Pluronic® P105 with 55%
by weight Pluronic® F108 (blue arrow indicates a segment within double helix in which tubes are wound less tightly).

5.4. Summary and Conclusions
Double-helical silica structures constructed of tightly wound nanotubes with large inner pore
spaces were synthesized for the first time using a single-micelle templating method, and the
structures and the prerequisite synthesis parameters were investigated in some detail. Aside from
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the double-helical structures which were the primary product under various experimental
conditions, several other interesting structures such as nanotube-wrapped spheres and singlehelical nanotubes surrounding straight nanotubes were also seen, with the extent of their
presence related to the specific experimental conditions. The template used in synthesis consisted
of swollen micelles of a mixture of PEO-PPO-PEO surfactants, with the optimal mixture
consisting of 35% by weight Pluronic® P104 with 65% by weight Pluronic® F108. The doublehelical structures were typically obtainable in high yield using a relative weight percent of
Pluronic® P104 between 32.5% and 37.5% but were also seen with a relative weight percent of
Pluronic® P104 as low as 25% and as high as 40%, although in limited amounts and quality.
Under the studied conditions, the synthesis was very sensitive to initial synthesis temperature and
to the relative amount of framework precursor (TEOS) used, with the optimal initial synthesis
temperature being 15 °C and the optimal amount of TEOS being 2.55 mL (per gram of surfactant
mixture). The optimal stirring rate under these conditions was determined to be 200 rpm, but the
desired structures were obtained in reasonable quantity and quality at both 150 rpm and 250 rpm.
The structures were obtainable using a wide range of HCl concentrations (1.3 M – 2.2 M), with
the optimal concentration in the typical syntheses found to be 1.9 M. Pore sizes were shown to
increase to some extent with an increase of swelling agent (toluene) from 1.5 mL to 4.0 mL, but
it is not prudent to make a definite correlation at this point, in part because the structural
compositions of silicas obtained with the lower volumes of toluene were not necessarily
comparable to those obtained with higher volumes. However, a correlation between
hydrothermal treatment temperature and pore size was observed, with pore diameters increasing
as the hydrothermal treatment temperature was increased. The correlation between hydrothermal
treatment temperature and pore size was not as obvious with higher temperature treatments,
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because increased accessibility to the mesopores resulting from the higher temperature
treatments made accurate assessment of pore size through pore size distributions impossible.
The reproducibility of the synthesis and its dependence on the particular surfactants used were
also examined. With small modifications to the previously determined optimal synthesis
conditions, the synthesis of double-helical structures was possible using an alternate batch of one
of the surfactants (Pluronic® F108). The structures produced were of comparable yield and
quality to those obtained with the originally used batch of Pluronic® F108. The double-helical
structures were also obtainable when Pluronic® P104 was replaced with Pluronic® P105, with
the relative weight percent of Pluronic ® P105 and Pluronic® F108 chosen to match the overall
percentage of hydrophilic and hydrophobic domains in the optimized Pluronic® P104 /
Pluronic® F108 system. Although the double-helical structures obtained were of limited quality
and quantity, there is an obvious potential for optimization of the system, and likely the yield can
be increased and the composition improved, with modifications to the experimental conditions.
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Chapter 6 Summary and Conclusions
The original research described herein concerns the synthesis of mesoporous silicas, including
ordered mesoporous silicas, through a surfactant-templating method. The approach taken
involved the use of a mixed surfactant system of two Pluronic® PEO-PPO-PEO surfactants, with
one of the surfactants containing a much larger percentage of hydrophobic (PPO) blocks than the
employed co-surfactant. Analysis of previous work with Pluronic® copolymers in our group led
in this case to the selection of Pluronic® F108, a surfactant with approximately 20% by mass
fraction of hydrophobic (PPO) groups, and Pluronic® P104, with approximately 60% by mass
fraction of hydrophobic (PPO) groups, as cosurfactants. The inspected system of mixed
Pluronic® surfactants was found to be very versatile, ultimately producing both interesting and
novel mesoporous materials. While initial systematic adjustments of experimental parameters
first enabled the preparation at room temperature of 2-D hexagonally ordered silicas (SBA-15)
with considerably larger nominal pore sizes than any previously reported with room temperature
synthesis, further adjustments of parameters led to synthesis of counterpart single-micelle
templated silica nanotubes of record (and tunable) pore size, also at room temperature. The most
remarkable development in the study of the mixed surfactant system, however, was the discovery
of a facile method for production of hollow double-helical silica structures. These structures,
presumably formed from the wrapping of nanotubes about each other or other objects, have only
been attainable in the past at high expense and with limited pore size and purity, by using anodic
alumina templates.
Reaction conditions were initially optimized to produce homogeneous consolidated mesoporous
material with large pore size at sub-ambient temperatures, templated by a single surfactant:
Pluronic® F108. Under the studied reaction conditions, replacement of even small amounts of
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the single surfactant Pluronic® F108 with equivalent quantities (by mass) of Pluronic® P104 led
to a change in morphology of the material produced. Under the initially tested conditions, the
single surfactant Pluronic® F108 templated (as anticipated) material consisting of ordered
spherical mesopores with face-centered cubic symmetry (FDU-12), while the similarly processed
co-surfactant system (Pluronic® F108 with Pluronic® P104) templated material with 2-D
hexagonally ordered mesopores (SBA-15) over a range of varying cosurfactant proportions. The
change in morphology from cylindrical to spherical was attributed to lower micelle curvature and
increased uptake of swelling agent fostered by the addition of a surfactant with a much larger
fraction of PPO. While such a mixed surfactant system, consisting of Pluronic® F127 and
Pluronic® P104, has been previously used to synthesize SBA-15 of record size at 11 °C, the use
in this case of Pluronic® F108 with a higher critical micelle temperature (CMT) than Pluronic®
F127 allowed synthesis of ULP-SBA-15 with the largest pore size for such material synthesized
at room temperature. Several complementary methods were used to characterize the synthesized
samples. Nitrogen adsorption analysis produced isotherms characteristic of SBA-15 and
provided evidence of the very large pore diameters, although the method employed is known to
lead to an overestimation of pore diameters for cylindrical pores in the given pore size range.
TEM imaging gave a complementary indication of the pore sizes and gave a good visual
indication of the structure of the material. Small-angle X-ray scattering of several samples gave
supporting evidence that the material was SBA-15 (highly ordered in some cases), with
scattering patterns displaying a lack of obvious evidence of spherical contamination.
Along with other modifications of experimental parameters, subsequent reduction of the amount
of framework precursor in relation to the amount of surfactant used enabled synthesis of singlemicelle-templated silica nanotubes of exceptional inner diameter at room temperature. As
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expected, the long PEO segments of Pluronic® encouraged formation of individual particles by
hindering consolidation of the nanotubes into 2-D hexagonal or other structures, while the
increased uptake of swelling agent promoted by the Pluronic® P104 cosurfactant contributed to
the unusually large pore diameters of the nanotubes. The inner diameters of the nanotubes were
found to be adjustable not only through alteration of hydrothermal treatment temperature, but
also through modification of the relative quantity of swelling agent (toluene) added during
synthesis. Smaller volumes of swelling agent led to smaller pore diameters, while an increase in
swelling agent volume promoted much larger pore diameters without changing the structure
type, a trend not commonly seen in surfactant-templated systems, and thus a characteristic that
demonstrates the versatility of the cosurfactant system. The hollow structures synthesized had
high specific surface areas and total pore volumes, and the contamination with hollow spheres
(often seen for single-micelle-templated nanotubes) was minimal in some cases. The nanotubes
were stable, for the most part avoiding the collapse or flattening seen in previous work with
silica nanotubes of such large inner diameter, and the tubes were able to maintain their structure
after drying and calcination. The nanotubes were characterized using TEM imaging, which
displayed generally homogeneous material of large pore size. Nitrogen adsorption analysis
supported the visual assessment of homogeneity and the very large pore sizes. As in the case of
SBA-15, pore sizes obtained from gas adsorption were overestimated and thus should be
considered as nominal. The syntheses were found to be generally reproducible, evidenced by
multiple syntheses and syntheses with alternate batches of one of the cosurfactants (Pluronic®
F108).
Remarkably, the same surfactant combination of Pluronic® copolymers used to synthesize the
SBA-15 and silica nanotubes described above (that is, Pluronic® F108 and P104) also led to
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synthesis of very-large-pore, double helically wound silica nanotubes under sub-ambient
(typically 15 °C) conditions. The effects of various experimental parameters on the integrity and
homogeneity of the double-helical structures were examined and the system was optimized to
large extent, ultimately producing material with significant content of the double-helical
structures. The tightly wound double-helical structures were the primary product under a variety
of synthesis conditions, but other interesting structures were also obtained in many cases. There
was some correlation between the amount of swelling agent and pore diameters, but it did not
correspond to similar compositions of the product. However, to some extent, a correlation was
able to be made between pore size and hydrothermal treatment temperature for the double-helical
materials. Samples were imaged using both TEM and SEM, and the methods were found to be
rather complementary, allowing elucidation of many of the features of the obtained materials.
Nitrogen adsorption isotherms were characteristic of a mesoporous material. Aside from the
same limitations in pore size evaluation discussed above for SBA-15 and nanotubes, for the
double-helical materials there were also some variations in reproducibility of isotherms at
pressures very close to the saturation vapor pressure. However, pore sizes could be reasonably
estimated in many cases by use of TEM images.
Although ostensibly similar structures to the double-helical structures described herein have been
synthesized in confinement, there are a number of key points that demonstrate the advantages of
our synthetic method and some fundamental ways in which our method and synthesis products
differ. Firstly, when using AAO templates, the scale, cost, and complexity of the syntheses need
to be considered. By nature of the AAO template, the confinement method is unsurprisingly
small-scale, while our micelle-templating method yields product on a gram scale. The AAO
templates are costly, while our method is relatively inexpensive. If the AAO templates are
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fabricated on-site, they are also time-consuming to produce, adding multiple steps to the
synthesis. Additionally, the products need to be released from the template, making the synthesis
even more involved. Conversely, the synthetic method we have developed is relatively simple to
set up and carry out, while accomplished at moderate expense.
The mechanism of formation of our structures is undoubtedly different from that of those
synthesized using AAO templates, as there was no source of confinement involved in our
syntheses. Rather, there is much evidence that our structures are formed by a wrapping of
surfactant-templated nanotubes about each other or about other objects present in the reaction
medium, a phenomenon previously unknown, and the impetus for which is uncertain at this time,
as it is apparently an achiral templating system. While our synthesis method has good
reproducibility as evidenced by repeated successful syntheses with the same batch and with an
alternate batch of Pluronic® F108, the reproducibility of the structures synthesized under
confinement is unspecified, and it is unclear whether the syntheses of the AAO templates or the
helical structures were repeated or reproducible
Under confinement, the structure obtained depends not only upon the dimensions of the confined
space, but possibly on the surface properties of that space. In at least one of the literature cases of
synthesis of helical structures within confinement, the provided diameter distribution of the AAO
membranes was very broad.357 Since the obtained structure in these cases depends on the
diameter of the membrane, with varying structures produced within different pore size intervals,
the implication is that the double-helical structures produced were not the primary product, but
were one of multiple products encompassing the wide range of pore sizes of the template. In our
syntheses, the primary structure produced throughout a range of experimental conditions was the
double-helical structure, and this structure was the primary helical structure to form in all cases
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in which such structures were formed. Although narrower pore size distribution was reported358359

for the AAO templates synthesized in the other cases of formation of double-helical silicas

under confinement, it is apparently not uncommon397 for such templates to have a noticeably
wide range in pore sizes.
Some images provided for helices formed under confinement reveal multiple defects. However,
there are limited TEM/SEM images available for the structures synthesized using that method,
preventing an analysis of the general quality of the synthesized materials and preventing a
comprehensive comparison of those structures with those synthesized by our method. In
addition, porosimetry (for instance based on gas adsorption) data for the structures synthesized
under confinement was not provided, likely because typically used gas adsorption analysis was
precluded by the small scale of the synthesis method. In our syntheses, we have used gas
adsorption data to demonstrate the very large pore diameters and good pore size uniformity of
our material, and to examine the result of various changes to our experimental parameters.
The research described herein extended earlier studies of cosurfactant systems for the surfactantmicelle templating of ordered mesoporous materials by demonstrating the synthesis of ultralarge-pore SBA-15 and silica nanotubes at room temperature, and more significantly, the facile
synthesis of double-helically wound nanotubes. The results were achieved through systematic
modification of experimental parameters, and the obtained materials were fully characterized
through a variety of complementary methods. The simplicity of synthesis and the large pore sizes
of these materials make them very attractive and quite useful for a wide range of potential
applications. No doubt, as demonstrated to some extent in the current research, the described
mixed surfactant systems can be further adjusted to produce ordered mesoporous materials of
increasingly better homogeneity and larger pore diameter, and possibly lead to isolation of
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various novel structures, not excluding those already obtained as by-products in the present
synthesis of double-helical structures. Further study should lead to a better understanding and
clarification of the formation process of the double-helically wound silica nanotubes and other
less-studied by-products of their synthesis. Various other extensions to the current synthetic
method, and the examination of other similarly devised systems will likely lead to additional
advances in the study and synthesis of mesoporous materials.

207

References
1.
Davis, M. E.; Lobo, R. F., Zeolite and molecular sieve synthesis. Chemistry of Materials
1992, 4 (4), 756-768.
2.
Corma, A., From Microporous to Mesoporous Molecular Sieve Materials and Their Use
in Catalysis. Chemical Reviews 1997, 97 (6), 2373-2420.
3.
Corma, A., Inorganic Solid Acids and Their Use in Acid-Catalyzed Hydrocarbon
Reactions. Chemical Reviews 1995, 95 (3), 559-614.
4.
Yan, Y.; Bein, T., Molecular sieve sensors for selective ethanol detection. Chemistry of
Materials 1992, 4 (5), 975-977.
5.
Sing, K. S. W.; Everett, D. H.; Haul, R. H. W.; Moscou, L.; Pierotti, R. A.; Rouquerol, J.;
Siemieniewska, T., Reporting physisorption data for gas/solid systems with special reference to
the determination of surface area and porosity (Recommendations 1984). Pure and Applied
Chemistry 1985, 57 (4), 603-619.
6.
Haber, J., Manual on catalyst characterization (Recommendations 1991). In Pure and
Applied Chemistry, 1991; Vol. 63, pp 1227-1246.
7.
Chiola, V. R., Joseph E.; Vanderpool, Clarence D. Process For Producing Low-Bulk
Density Silica. 1971.
8.
Di Renzo, F.; Cambon, H.; Dutartre, R., A 28-year-old synthesis of micelle-templated
mesoporous silica. Microporous Materials 1997, 10 (4), 283-286.
9.
Yanagisawa, T.; Shimizu, T.; Kuroda, K.; Kato, C., The Preparation of
Alkyltrimethylammonium-Kanemite Complexes and Their Conversion to Microporous
Materials. Bulletin Of The Chemical Society Of Japan 1990, 63 (4), 988-992.
10.
Yanagisawa, T.; Shimizu, T.; Kuroda, K.; Kato, C., Trimethylsilyl Derivatives of
Alkyltrimethylammonium–Kanemite Complexes and Their Conversion to Microporous SiO2
Materials. Bulletin of the Chemical Society of Japan 1990, 63 (5), 1535-1537.
11.
Inagaki, S.; Fukushima, Y.; Kuroda, K., Synthesis of highly ordered mesoporous
materials from a layered polysilicate. Journal of the Chemical Society, Chemical
Communications 1993, (8), 680-682.
12.
Inagaki, S.; Koiwai, A.; Suzuki, N.; Fukushima, Y.; Kuroda, K., Syntheses of Highly
Ordered Mesoporous Materials, FSM-16, Derived from Kanemite. Bulletin of the Chemical
Society of Japan 1996, 69 (5), 1449-1457.
13.
Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge, C. T.; Schmitt, K. D.;
Chu, C. T. W.; Olson, D. H.; Sheppard, E. W.; McCullen, S. B.; Higgins, J. B.; Schlenker, J. L.,
A new family of mesoporous molecular sieves prepared with liquid crystal templates. Journal of
the American Chemical Society 1992, 114 (27), 10834-10843.
14.
Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S., Ordered
mesoporous molecular sieves synthesized by a liquid-crystal template mechanism. Nature 1992,
359 (6397), 710-712.
15.
Feng, Y.; Panwar, N.; Tng, D. J. H.; Tjin, S. C.; Wang, K.; Yong, K.-T., The application
of mesoporous silica nanoparticle family in cancer theranostics. Coordination Chemistry
Reviews 2016, 319, 86-109.
16.
Huo, Q.; Margolese, D. I.; Ciesla, U.; Feng, P.; Gier, T. E.; Sieger, P.; Leon, R.; Petroff,
P. M.; Schüth, F.; Stucky, G. D., Generalized synthesis of periodic surfactant/inorganic
composite materials. Nature 1994, 368, 317.
208

17.
Tanev, P. T.; Chibwe, M.; Pinnavaia, T. J., Titanium-containing mesoporous molecular
sieves for catalytic oxidation of aromatic compounds. Nature 1994, 368, 321.
18.
Tanev, P. T.; Pinnavaia, T. J., A Neutral Templating Route to Mesoporous Molecular
Sieves. Science 1995, 267 (5199), 865-867.
19.
Bagshaw, S. A.; Prouzet, E.; Pinnavaia, T. J., Templating of Mesoporous Molecular
Sieves by Nonionic Polyethylene Oxide Surfactants. Science 1995, 269 (5228), 1242.
20.
Yang, P.; Zhao, D.; Margolese, D. I.; Chmelka, B. F.; Stucky, G. D., Generalized
syntheses of large-pore mesoporous metal oxides with semicrystalline frameworks. Nature 1998,
396, 152.
21.
Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.; Chmelka, B. F.; Stucky, G.
D., Triblock Copolymer Syntheses of Mesoporous Silica with Periodic 50 to 300 Angstrom
Pores. Science 1998, 279 (5350), 548.
22.
Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, G. D., Nonionic Triblock and Star
Diblock Copolymer and Oligomeric Surfactant Syntheses of Highly Ordered, Hydrothermally
Stable, Mesoporous Silica Structures. Journal of the American Chemical Society 1998, 120 (24),
6024-6036.
23.
Zhang, F.; Yan, Y.; Yang, H.; Meng, Y.; Yu, C.; Tu, B.; Zhao, D., Understanding Effect
of Wall Structure on the Hydrothermal Stability of Mesostructured Silica SBA-15. The Journal
of Physical Chemistry B 2005, 109 (18), 8723-8732.
24.
Lukens, W. W.; Schmidt-Winkel, P.; Zhao, D.; Feng, J.; Stucky, G. D., Evaluating Pore
Sizes in Mesoporous Materials: A Simplified Standard Adsorption Method and a Simplified
Broekhoff−de Boer Method. Langmuir 1999, 15 (16), 5403-5409.
25.
Ryoo, R.; Ko, C. H.; Kruk, M.; Antochshuk, V.; Jaroniec, M., Block-CopolymerTemplated Ordered Mesoporous Silica: Array of Uniform Mesopores or Mesopore−Micropore
Network? The Journal of Physical Chemistry B 2000, 104 (48), 11465-11471.
26.
Göltner, C. G.; Smarsly, B.; Berton, B.; Antonietti, M., On the Microporous Nature of
Mesoporous Molecular Sieves. Chemistry of Materials 2001, 13 (5), 1617-1624.
27.
Kruk, M.; Jaroniec, M.; Ko, C. H.; Ryoo, R., Characterization of the Porous Structure of
SBA-15. Chemistry of Materials 2000, 12 (7), 1961-1968.
28.
Impéror-Clerc, M.; Davidson, P.; Davidson, A., Existence of a Microporous Corona
around the Mesopores of Silica-Based SBA-15 Materials Templated by Triblock Copolymers.
Journal of the American Chemical Society 2000, 122 (48), 11925-11933.
29.
Jun, S.; Joo, S. H.; Ryoo, R.; Kruk, M.; Jaroniec, M.; Liu, Z.; Ohsuna, T.; Terasaki, O.,
Synthesis of New, Nanoporous Carbon with Hexagonally Ordered Mesostructure. Journal of the
American Chemical Society 2000, 122 (43), 10712-10713.
30.
Joo, S. H.; Ryoo, R.; Kruk, M.; Jaroniec, M., Evidence for General Nature of Pore
Interconnectivity in 2-Dimensional Hexagonal Mesoporous Silicas Prepared Using Block
Copolymer Templates. The Journal of Physical Chemistry B 2002, 106 (18), 4640-4646.
31.
Melde, B. J.; Holland, B. T.; Blanford, C. F.; Stein, A., Mesoporous Sieves with Unified
Hybrid Inorganic/Organic Frameworks. Chemistry of Materials 1999, 11 (11), 3302-3308.
32.
Inagaki, S.; Guan, S.; Fukushima, Y.; Ohsuna, T.; Terasaki, O., Novel Mesoporous
Materials with a Uniform Distribution of Organic Groups and Inorganic Oxide in Their
Frameworks. Journal of the American Chemical Society 1999, 121 (41), 9611-9614.
33.
Li, C.; Liu, J.; Shi, X.; Yang, J.; Yang, Q., Periodic Mesoporous Organosilicas with 1,4Diethylenebenzene in the Mesoporous Wall: Synthesis, Characterization, and Bioadsorption
Properties. The Journal of Physical Chemistry C 2007, 111 (29), 10948-10954.
209

34.
Mandal, M.; Kruk, M., Versatile approach to synthesis of 2-D hexagonal ultra-large-pore
periodic mesoporous organosilicas. Journal of Materials Chemistry 2010, 20 (35), 7506-7516.
35.
Feng, X.; Fryxell, G. E.; Wang, L.-Q.; Kim, A. Y.; Liu, J.; Kemner, K. M.,
Functionalized Monolayers on Ordered Mesoporous Supports. Science 1997, 276 (5314), 923926.
36.
Kruk, M., Surface-Initiated Controlled Radical Polymerization in Ordered Mesoporous
Silicas. Israel Journal of Chemistry 2012, 52 (3‐4), 246-255.
37.
Luechinger, M.; Prins, R.; Pirngruber, G. D., Functionalization of silica surfaces with
mixtures of 3-aminopropyl and methyl groups. Microporous and Mesoporous Materials 2005,
85 (1), 111-118.
38.
Laghaei, M.; Sadeghi, M.; Ghalei, B.; Dinari, M., The effect of various types of postsynthetic modifications on the structure and properties of MCM-41 mesoporous silica. 2016;
Vol. 90, p 163-170.
39.
Lettow, J. S.; Han, Y. J.; Schmidt-Winkel, P.; Yang, P.; Zhao, D.; Stucky, G. D.; Ying, J.
Y., Hexagonal to Mesocellular Foam Phase Transition in Polymer-Templated Mesoporous
Silicas. Langmuir 2000, 16 (22), 8291-8295.
40.
Schmidt-Winkel, P.; Lukens, W. W.; Yang, P.; Margolese, D. I.; Lettow, J. S.; Ying, J.
Y.; Stucky, G. D., Microemulsion Templating of Siliceous Mesostructured Cellular Foams with
Well-Defined Ultralarge Mesopores. Chemistry of Materials 2000, 12 (3), 686-696.
41.
Schmidt-Winkel, P.; Lukens, W. W.; Zhao, D.; Yang, P.; Chmelka, B. F.; Stucky, G. D.,
Mesocellular Siliceous Foams with Uniformly Sized Cells and Windows. Journal of the
American Chemical Society 1999, 121 (1), 254-255.
42.
Göltner, C. G.; Berton, B.; Krämer, E.; Antonietti, M., Nanoporous silica from
amphiphilic block copolymer (ABC) aggregates: control over correlation and architecture of
cylindrical pores. Chemical Communications 1998, (21), 2287-2288.
43.
Li, B.; Inagaki, S.; Miyazaki, C.; Takahashi, H., Synthesis of highly ordered large size
mesoporous silica and effect of stabilization as enzyme supports in organic solvent. Chemical
Research in Chinese Universities 2002, 18 (2), 200-205.
44.
Chan, Y.-T.; Lin, H.-P.; Mou, C.-Y.; Liu, S.-T., Synthesis of mesoporous silicas with
different pore-size by using EOmMAn diblock copolymers of tunable block length as the
templates. In Studies in Surface Science and Catalysis, Park, S.-E.; Ryoo, R.; Ahn, W.-S.; Lee,
C. W.; Chang, J.-S., Eds. Elsevier: 2003; Vol. 146, pp 113-116.
45.
Feng, P.; Bu, X.; Pine, D. J., Control of Pore Sizes in Mesoporous Silica Templated by
Liquid Crystals in Block Copolymer−Cosurfactant−Water Systems. Langmuir 2000, 16 (12),
5304-5310.
46.
Feng, P.; Bu, X.; Stucky, G. D.; Pine, D. J., Monolithic Mesoporous Silica Templated by
Microemulsion Liquid Crystals. Journal of the American Chemical Society 2000, 122 (5), 994995.
47.
Sun, J.; Zhang, H.; Ma, D.; Chen, Y.; Bao, X.; Klein-Hoffmann, A.; Pfänder, N.; Su, D.
S., Alkanes-assisted low temperature formation of highly ordered SBA-15 with large cylindrical
mesopores. Chemical Communications 2005, (42), 5343-5345.
48.
Jana, S. K.; Nishida, R.; Shindo, K.; Kugita, T.; Namba, S., Pore size control of
mesoporous molecular sieves using different organic auxiliary chemicals. Microporous and
Mesoporous Materials 2004, 68 (1), 133-142.

210

49.
Lin, C.-F.; Lin, H.-P.; Mou, C.-Y.; Liu, S.-T., Periodic mesoporous silicas via templating
of new triblock amphiphilic copolymers. Microporous and Mesoporous Materials 2006, 91 (1),
151-155.
50.
Cao, L.; Dong, H.; Huang, L.; Matyjaszewski, K.; Kruk, M., Synthesis of large-pore
SBA-15 silica using poly(ethylene oxide)-poly(methyl acrylate) diblock copolymers. Adsorption
2009, 15 (2), 156-166.
51.
Johansson, E. M.; Córdoba, J. M.; Odén, M., Synthesis and characterization of large
mesoporous silica SBA-15 sheets with ordered accessible 18 nm pores. Materials Letters 2009,
63 (24), 2129-2131.
52.
Cao, L.; Man, T.; Kruk, M., Synthesis of Ultra-Large-Pore SBA-15 Silica with TwoDimensional Hexagonal Structure Using Triisopropylbenzene As Micelle Expander. Chemistry
of Materials 2009, 21 (6), 1144-1153.
53.
Cao, L.; Kruk, M., Short synthesis of ordered silicas with very large mesopores. RSC
Advances 2014, 4 (1), 331-339.
54.
Farid, G.; Kruk, M., Silica Nanotubes with Widely Adjustable Inner Diameter and
Ordered Silicas with Ultralarge Cylindrical Mesopores Templated by Swollen Micelles of Mixed
Pluronic Triblock Copolymers. Chemistry of Materials 2017, 29 (11), 4675-4681.
55.
Attard, G. S.; Glyde, J. C.; Göltner, C. G., Liquid-crystalline phases as templates for the
synthesis of mesoporous silica. Nature 1995, 378, 366.
56.
Goltner, C. G.; Antonietti, M., Mesoporous materials by templating of liquid crystalline
phases. Advanced Materials 1997, 9 (5), 431-436.
57.
Göltner, C. G.; Henke, S.; Weissenberger, M. C.; Antonietti, M., Mesoporous Silica from
Lyotropic Liquid Crystal Polymer Templates. Angewandte Chemie International Edition 1998,
37 (5), 613-616.
58.
Vartuli, J. C.; Kresge, C. T.; Leonowicz, M. E.; Chu, A. S.; McCullen, S. B.; Johnson, I.
D.; Sheppard, E. W., Synthesis of Mesoporous Materials: Liquid-Crystal Templating versus
Intercalation of Layered Silicates. Chemistry of Materials 1994, 6 (11), 2070-2077.
59.
Cheng, C.-F.; Luan, Z.; Klinowski, J., The Role of Surfactant Micelles in the Synthesis of
the Mesoporous Molecular Sieve MCM-41. Langmuir 1995, 11 (7), 2815-2819.
60.
Newalkar, B. L.; Komarneni, S., Control over Microporosity of Ordered
Microporous−Mesoporous Silica SBA-15 Framework under Microwave-Hydrothermal
Conditions: Effect of Salt Addition. Chemistry of Materials 2001, 13 (12), 4573-4579.
61.
Cao, L.; Kruk, M., Synthesis of large-pore SBA-15 silica from tetramethyl orthosilicate
using triisopropylbenzene as micelle expander. Colloids and Surfaces A: Physicochemical and
Engineering Aspects 2010, 357 (1), 91-96.
62.
Vartuli, J. C.; Schmitt, K. D.; Kresge, C. T.; Roth, W. J.; Leonowicz, M. E.; McCullen, S.
B.; Hellring, S. D.; Beck, J. S.; Schlenker, J. L., Effect of Surfactant/Silica Molar Ratios on the
Formation of Mesoporous Molecular Sieves: Inorganic Mimicry of Surfactant Liquid-Crystal
Phases and Mechanistic Implications. Chemistry of Materials 1994, 6 (12), 2317-2326.
63.
Li, Y.; Yi, J.; Kruk, M., Tuning of the Temperature Window for Unit-Cell and Pore-Size
Enlargement in Face-Centered-Cubic Large-Mesopore Silicas Templated by Swollen Block
Copolymer Micelles. Chemistry – A European Journal 2015, 21 (36), 12747-12754.
64.
Taguchi, A.; Schüth, F., Ordered mesoporous materials in catalysis. Microporous and
Mesoporous Materials 2005, 77 (1), 1-45.

211

65.
Che, S.; Garcia-Bennett, A. E.; Yokoi, T.; Sakamoto, K.; Kunieda, H.; Terasaki, O.;
Tatsumi, T., A novel anionic surfactant templating route for synthesizing mesoporous silica with
unique structure. Nature Materials 2003, 2, 801.
66.
Garcia-Bennett, A. E.; Terasaki, O.; Che, S.; Tatsumi, T., Structural Investigations of
AMS-n Mesoporous Materials by Transmission Electron Microscopy. Chemistry of Materials
2004, 16 (5), 813-821.
67.
Pal, N.; Bhaumik, A., Soft templating strategies for the synthesis of mesoporous
materials: Inorganic, organic–inorganic hybrid and purely organic solids. Advances in Colloid
and Interface Science 2013, 189-190, 21-41.
68.
Chan, Y.-T.; Lin, H.-P.; Mou, C.-Y.; Liu, S.-T., Using well-defined EOnMAm diblock
amphiphilic copolymers as templates for synthesis of mesoporous silicas with different
mesostructures. Microporous and Mesoporous Materials 2009, 123 (1), 331-337.
69.
Teixeira, C. V.; Amenitsch, H.; Linton, P.; Lindén, M.; Alfredsson, V., The Role Played
by Salts in the Formation of SBA-15, an in Situ Small-Angle X-ray Scattering/Diffraction Study.
Langmuir 2011, 27 (11), 7121-7131.
70.
Kim, J. M.; Stucky, G. D., Synthesis of highly ordered mesoporous silica materials using
sodium silicate and amphiphilic block copolymers. Chemical Communications 2000, (13), 11591160.
71.
Zheng, Y.; Won, Y.-Y.; Bates, F. S.; Davis, H. T.; Scriven, L. E.; Talmon, Y., Directly
Resolved Core-Corona Structure of Block Copolymer Micelles by Cryo-Transmission Electron
Microscopy. The Journal of Physical Chemistry B 1999, 103 (47), 10331-10334.
72.
Pham Trong, L. C.; Djabourov, M.; Ponton, A., Mechanisms of micellization and
rheology of PEO–PPO–PEO triblock copolymers with various architectures. Journal of Colloid
and Interface Science 2008, 328 (2), 278-287.
73.
Wanka, G.; Hoffmann, H.; Ulbricht, W., Phase Diagrams and Aggregation Behavior of
Poly(oxyethylene)-Poly(oxypropylene)-Poly(oxyethylene) Triblock Copolymers in Aqueous
Solutions. Macromolecules 1994, 27 (15), 4145-4159.
74.
Wan, Y.; Zhao, D., On the Controllable Soft-Templating Approach to Mesoporous
Silicates. Chemical Reviews 2007, 107 (7), 2821-2860.
75.
Everett, D. H., Manual of Symbols and Terminology for Physicochemical Quantities and
Units, Appendix II: Definitions, Terminology and Symbols in Colloid and Surface Chemistry. In
Pure and Applied Chemistry, 1972; Vol. 31, p 577.
76.
Patel, K.; Bahadur, P.; Guo, C.; Ma, J. H.; Liu, H. Z.; Yamashita, Y.; Khanal, A.;
Nakashima, K., Salt induced micellization of very hydrophilic PEO–PPO–PEO block
copolymers in aqueous solutions. European Polymer Journal 2007, 43 (5), 1699-1708.
77.
Alexandridis, P.; Alan Hatton, T., Poly(ethylene oxide)-poly(propylene oxide)poly(ethylene oxide) block copolymer surfactants in aqueous solutions and at interfaces:
thermodynamics, structure, dynamics, and modeling. Colloids and Surfaces A: Physicochemical
and Engineering Aspects 1995, 96 (1), 1-46.
78.
Schmidt-Winkel, P.; Yang, P.; Margolese, D. I.; Chmelka, B. F.; Stucky, G. D., FluorideInduced Hierarchical Ordering of Mesoporous Silica in Aqueous Acid-Syntheses. Advanced
Materials 1999, 11 (4), 303-307.
79.
Yu, C.; Tian, B.; Fan, J.; Stucky, G. D.; Zhao, D., Salt effect in the synthesis of
mesoporous silica templated by non-ionic block copolymers. Chemical Communications 2001,
(24), 2726-2727.

212

80.
Yu, C.; Tian, B.; Fan, J.; Stucky, G. D.; Zhao, D., Nonionic Block Copolymer Synthesis
of Large-Pore Cubic Mesoporous Single Crystals by Use of Inorganic Salts. Journal of the
American Chemical Society 2002, 124 (17), 4556-4557.
81.
Tang, J.; Liu, J.; Wang, P.; Zhong, H.; Yang, Q., Evolution from hollow nanospheres to
highly ordered FDU-12 induced by inorganic salts under weak acidic conditions. Microporous
and Mesoporous Materials 2010, 127 (1), 119-125.
82.
Björk, E. M.; Söderlind, F.; Odén, M., Tuning the Shape of Mesoporous Silica Particles
by Alterations in Parameter Space: From Rods to Platelets. Langmuir 2013, 29 (44), 1355113561.
83.
Zhang, H.; Sun, J.; Ma, D.; Bao, X.; Klein-Hoffmann, A.; Weinberg, G.; Su, D.; Schlögl,
R., Unusual Mesoporous SBA-15 with Parallel Channels Running along the Short Axis. Journal
of the American Chemical Society 2004, 126 (24), 7440-7441.
84.
Zhang, W.; Glomski, B.; R. Pauly, T.; J. Pinnavaia, T., A new nonionic surfactant
pathway to mesoporous molecular sieve silicas with long range framework order. Chemical
Communications 1999, (18), 1803-1804.
85.
Fan, J.; Yu, C.; Lei, J.; Zhang, Q.; Li, T.; Tu, B.; Zhou, W.; Zhao, D., Low-Temperature
Strategy to Synthesize Highly Ordered Mesoporous Silicas with Very Large Pores. Journal of
the American Chemical Society 2005, 127 (31), 10794-10795.
86.
Kim, J. M.; Han, Y.-J.; Chmelka, B. F.; Stucky, G. D., One-step synthesis of ordered
mesocomposites with non-ionic amphiphilic block copolymers: implications of isoelectric point,
hydrolysis rate and fluoride. Chemical Communications 2000, (24), 2437-2438.
87.
Ryoo, R.; Jun, S., Improvement of Hydrothermal Stability of MCM-41 Using Salt Effects
during the Crystallization Process. The Journal of Physical Chemistry B 1997, 101 (3), 317-320.
88.
Booth, C.; Attwood, D., Effects of block architecture and composition on the association
properties of poly(oxyalkylene) copolymers in aqueous solution. Macromolecular Rapid
Communications 2000, 21 (9), 501-527.
89.
Yu, C.; Fan, J.; Tian, B.; Stucky, G. D.; Zhao, D., Synthesis of Mesoporous Silica from
Commercial Poly(ethylene oxide)/Poly(butylene oxide) Copolymers: Toward the Rational
Design of Ordered Mesoporous Materials. The Journal of Physical Chemistry B 2003, 107 (48),
13368-13375.
90.
Brinker, C. J.; Scherer, G. W., CHAPTER 3 - Hydrolysis and Condensation II: Silicates.
In Sol-Gel Science, Brinker, C. J.; Scherer, G. W., Eds. Academic Press: San Diego, 1990; pp
96-233.
91.
Zholobenko, V. L.; Khodakov, A. Y.; Impéror-Clerc, M.; Durand, D.; Grillo, I., Initial
stages of SBA-15 synthesis: An overview. Advances in Colloid and Interface Science 2008, 142
(1), 67-74.
92.
Grisdanurak, N.; Chiarakorn, S.; Wittayakun, J., Utilization of mesoporous molecular
sieves synthesized from natural source rice husk silica to Chlorinated Volatile Organic
Compounds (CVOCs) adsorption. Korean Journal of Chemical Engineering 2003, 20 (5), 950955.
93.
Ma, Y.; Chen, H.; Shi, Y.; Yuan, S., Low cost synthesis of mesoporous molecular sieve
MCM-41 from wheat straw ash using CTAB as surfactant. Materials Research Bulletin 2016, 77,
258-264.
94.
Dodson, J. R.; Cooper, E. C.; Hunt, A. J.; Matharu, A.; Cole, J.; Minihan, A.; Clark, J.
H.; Macquarrie, D. J., Alkali silicates and structured mesoporous silicas from biomass power
station wastes: the emergence of bio-MCMs. Green Chemistry 2013, 15 (5), 1203-1210.
213

95.
Loy, D. A.; Shea, K. J., Bridged Polysilsesquioxanes. Highly Porous Hybrid OrganicInorganic Materials. Chemical Reviews 1995, 95 (5), 1431-1442.
96.
Brinker, C. J.; Scherer, G. W., CHAPTER 1 - Introduction. In Sol-Gel Science, Brinker,
C. J.; Scherer, G. W., Eds. Academic Press: San Diego, 1990; pp xvi-18.
97.
ALOthman, Z., A Review: Fundamental Aspects of Silicate Mesoporous Materials.
Materials 2012, 5 (12), 2874.
98.
Hench, L. L.; West, J. K., The sol-gel process. Chemical Reviews 1990, 90 (1), 33-72.
99.
Bel-Hassen, R.; Boufi, S.; Salon, M.-C. B.; Abdelmouleh, M.; Belgacem, M. N.,
Adsorption of silane onto cellulose fibers. II. The effect of pH on silane hydrolysis,
condensation, and adsorption behavior. Journal of Applied Polymer Science 2008, 108 (3), 19581968.
100. Wen, J.; Wilkes, G. L., Organic/Inorganic Hybrid Network Materials by the Sol−Gel
Approach. Chemistry of Materials 1996, 8 (8), 1667-1681.
101. Julbe, A.; Balzer, C.; M. Barthez, J.; Guizard, C.; Larbot, A.; J. Cot, L., Effect of nonionic surface active agents on TEOS-derived sols, gels and materials. 1995; Vol. 4, p 89-97.
102. Das, R. K.; Das, M., Catalytic activity of acid and base with different concentration on
sol–gel kinetics of silica by ultrasonic method. Ultrasonics Sonochemistry 2015, 26, 210-217.
103. Yoldas, B. E., Hydrolysis of titanium alkoxide and effects of hydrolytic polycondensation
parameters. Journal of Materials Science 1986, 21 (3), 1087-1092.
104. Man Kim, J.; Ryoo, R., Synthesis of MCM-48 single crystals. Chemical Communications
1998, (2), 259-260.
105. Corriu, R. J. P.; Guerin, C.; Henner, B. J. L.; Wang, Q., Role of pentacoordinate
intermediates in the hydrolysis reaction of organic silicates. Organometallics 1991, 10 (9), 32003205.
106. Singh, L. P.; Bhattacharyya, S. K.; Kumar, R.; Mishra, G.; Sharma, U.; Singh, G.;
Ahalawat, S., Sol-Gel processing of silica nanoparticles and their applications. Advances in
Colloid and Interface Science 2014, 214, 17-37.
107. Yoldas, B. E., Modification of polymer-gel structures. Journal of Non-Crystalline Solids
1984, 63 (1), 145-154.
108. Yuan, P.; Yang, J.; Bao, X.; Zhao, D.; Zou, J.; Yu, C., Highly Ordered Cubic
Mesoporous Materials with the Same Symmetry but Tunable Pore Structures. Langmuir 2012, 28
(47), 16382-16392.
109. Zhang, H.; Sun, J.; Ma, D.; Weinberg, G.; Su, D. S.; Bao, X., Engineered Complex
Emulsion System: Toward Modulating the Pore Length and Morphological Architecture of
Mesoporous Silicas. The Journal of Physical Chemistry B 2006, 110 (51), 25908-25915.
110. Nooney, R. I.; Thirunavukkarasu, D.; Chen, Y.; Josephs, R.; Ostafin, A. E., Synthesis of
Nanoscale Mesoporous Silica Spheres with Controlled Particle Size. Chemistry of Materials
2002, 14 (11), 4721-4728.
111. Sajjadia, S.; izadbakhsh, A.; Niknam, K., Effect of Synthesis Conditions on Textural
Properties of Silica MCM-41. Journal of Oil, Gas and Petrochemical Technology 2016, 3
(Number 1), 59-82.
112. Prouzet, E.; Pinnavaia, T. J., Assembly of Mesoporous Molecular Sieves Containing
Wormhole Motifs by a Nonionic Surfactant Pathway: Control of Pore Size by Synthesis
Temperature. Angewandte Chemie International Edition in English 1997, 36 (5), 516-518.
113. Kruk, M.; Hui, C. M., Synthesis and characterization of large-pore FDU-12 silica.
Microporous and Mesoporous Materials 2008, 114 (1), 64-73.
214

114. Zhou, X.; Qiao, S.; Hao, N.; Wang, X.; Yu, C.; Wang, L.; Zhao, D.; Lu, G. Q., Synthesis
of Ordered Cubic Periodic Mesoporous Organosilicas with Ultra-Large Pores. Chemistry of
Materials 2007, 19 (7), 1870-1876.
115. Kosmulski, M., Positive Electrokinetic Charge of Silica in the Presence of Chlorides.
Journal of Colloid and Interface Science 1998, 208 (2), 543-545.
116. Iler, R. K., The chemistry of silica : solubility, polymerization, colloid and surface
properties, and biochemistry. Wiley: New York, 1979.
117. A Milea, C.; Bogatu, C.; Duta, A., The influence of parameters in silica sol-gel process.
Bull Trans Univer Braşov ser i Eng Sci 2011, 4 (53), 59-66.
118. Coltrain, B. K.; Melpoder, S. M.; Salva, J. M., Effect of Hydrogen Ion Concentration on
Gelation of Tetrafunctional Silicate Sol-gel Systems. In Ultrastructure processing of advanced
materials, Uhlmann, D. R.; Ulrich, D. R., Eds. Wiley: New York, 1992; pp 69-76.
119. A. Fardad, M., Catalysts and the structure of SiO2 sol-gel films. 2000; Vol. 35, p 18351841.
120. Lin, H.-P.; Mou, C.-Y., Tubules-Within-a-Tubule Hierarchical Order of Mesoporous
Molecular Sieves in MCM-41. Science 1996, 273 (5276), 765-768.
121. Mohd Husin, M. H.; Nordin, M. R.; Mohamad, I. S.; Li, J. L., Synthesis and
Characteristics of Mesoporous SBA-15 Influence by HMTA as an Internal pH Modifier. Applied
Mechanics and Materials 2015, 761, 473-478.
122. Sayari, A.; Yang, Y.; Kruk, M.; Jaroniec, M., Expanding the Pore Size of MCM-41
Silicas: Use of Amines as Expanders in Direct Synthesis and Postsynthesis Procedures. The
Journal of Physical Chemistry B 1999, 103 (18), 3651-3658.
123. Kruk, M., Access to Ultralarge-Pore Ordered Mesoporous Materials through Selection of
Surfactant/Swelling-Agent Micellar Templates. Accounts of Chemical Research 2012, 45 (10),
1678-1687.
124. Huo, Q.; Margolese, D. I.; Stucky, G. D., Surfactant Control of Phases in the Synthesis of
Mesoporous Silica-Based Materials. Chemistry of Materials 1996, 8 (5), 1147-1160.
125. Sörensen, M. H.; Corkery, R. W.; Pedersen, J. S.; Rosenholm, J.; Alberius, P. C.,
Expansion of the F127-templated mesostructure in aerosol-generated particles by using
polypropylene glycol as a swelling agent. Microporous and Mesoporous Materials 2008, 113
(1), 1-13.
126. Huo, Q.; Leon, R.; Petroff, P. M.; Stucky, G. D., Mesostructure Design with Gemini
Surfactants: Supercage Formation in a Three-Dimensional Hexagonal Array. Science 1995, 268
(5215), 1324-1327.
127. Sayari, A.; Kruk, M.; Jaroniec, M.; Moudrakovski, I. L., New Approaches to Pore Size
Engineering of Mesoporous Silicates. Advanced Materials 1998, 10 (16), 1376-1379.
128. Meoto, S.; Kent, N.; Nigra, M. M.; Coppens, M.-O., Effect of stirring rate on the
morphology of FDU-12 mesoporous silica particles. Microporous and Mesoporous Materials
2017, 249, 61-66.
129. Yu, C.; Fan, J.; Tian, B.; Zhao, D., Morphology Development of Mesoporous Materials:
a Colloidal Phase Separation Mechanism. Chemistry of Materials 2004, 16 (5), 889-898.
130. Sayari, A.; Han, B.-H.; Yang, Y., Simple Synthesis Route to Monodispersed SBA-15
Silica Rods. Journal of the American Chemical Society 2004, 126 (44), 14348-14349.
131. Cao, L.; Kruk, M., Facile method to synthesize platelet SBA-15 silica with highly
ordered large mesopores. Journal of Colloid and Interface Science 2011, 361 (2), 472-476.

215

132. Huang, L.; Kruk, M., Versatile Surfactant/Swelling-Agent Template for Synthesis of
Large-Pore Ordered Mesoporous Silicas and Related Hollow Nanoparticles. Chemistry of
Materials 2015, 27 (3), 679-689.
133. Fulvio, P. F.; Pikus, S.; Jaroniec, M., Tailoring properties of SBA-15 materials by
controlling conditions of hydrothermal synthesis. Journal of Materials Chemistry 2005, 15 (47),
5049-5053.
134. Kruk, M.; Cao, L., Pore Size Tailoring in Large-Pore SBA-15 Silica Synthesized in the
Presence of Hexane. Langmuir 2007, 23 (13), 7247-7254.
135. Fan, J.; Yu, C.; Gao, F.; Lei, J.; Tian, B.; Wang, L.; Luo, Q.; Tu, B.; Zhou, W.; Zhao, D.,
Cubic Mesoporous Silica with Large Controllable Entrance Sizes and Advanced Adsorption
Properties. Angewandte Chemie International Edition 2003, 42 (27), 3146-3150.
136. Yu, T.; Zhang, H.; Yan, X.; Chen, Z.; Zou, X.; Oleynikov, P.; Zhao, D., Pore Structures
of Ordered Large Cage-Type Mesoporous Silica FDU-12s. The Journal of Physical Chemistry B
2006, 110 (43), 21467-21472.
137. Patton, H. W.; Lewis, J. S.; Kaye, W. I., Separation and Analysis of Gases and Volatile
Liquids by Gas Chromatography. Analytical Chemistry 1955, 27 (2), 170-174.
138. Greene, S. A.; Pust, H., Use of Silica Gel and Alumina in Gas-Adsorption
Chromatography. Analytical Chemistry 1957, 29 (7), 1055-1055.
139. Cahnmann, H. J., Partially Deactivated Silica Gel Columns in Chromatography.
Chromatographic Behavior of Benzo [a]pyrene. Analytical Chemistry 1957, 29 (9), 1307-1311.
140. Kiselev, A. V.; Nikitin, Y. S.; Petrova, R. S.; Shcherbakova, K. D.; Yashin, Y. I., Effect
of Pore Size of Silica Gels on the Separation of Hydrocarbons. Analytical Chemistry 1964, 36
(8), 1526-1533.
141. Still, W. C.; Kahn, M.; Mitra, A., Rapid chromatographic technique for preparative
separations with moderate resolution. The Journal of Organic Chemistry 1978, 43 (14), 29232925.
142. Faramawy, S.; El-Fadly, A. M.; El-Naggar, A. Y.; Youssef, A. M., Surface-modified
silica gels as solid stationary phases in gas chromatography. Surface and Coatings Technology
1997, 90 (1), 53-63.
143. Faramawy, S.; El-Naggar, A. Y.; El-Fadly, A. M.; El-Sabagh, S. M.; Ibrahim, A. A.,
Silica, alumina and aluminosilicates as solid stationary phases in gas chromatography. Arabian
Journal of Chemistry 2016, 9, S765-S775.
144. Grün, M.; Kurganov, A. A.; Schacht, S.; Schüth, F.; Unger, K. K., Comparison of an
ordered mesoporous aluminosilicate, silica, alumina, titania and zirconia in normal-phase highperformance liquid chromatography. Journal of Chromatography A 1996, 740 (1), 1-9.
145. Martin, T.; Galarneau, A.; Di Renzo, F.; Brunel, D.; Fajula, F.; Heinisch, S.; Crétier, G.;
Rocca, J.-L., Great Improvement of Chromatographic Performance Using MCM-41 Spheres as
Stationary Phase in HPLC. Chemistry of Materials 2004, 16 (9), 1725-1731.
146. Thoelen, C.; Van de Walle, K.; F. J. Vankelecom, I.; A. Jacobs, P., The use of M41S
materials in chiral HPLC. Chemical Communications 1999, (18), 1841-1842.
147. Kurganov, A.; Unger, K.; Issaeva, T., Packings of an unidimensional regular pore
structure as model packings in size-exclusion and inverse size-exclusion chromatography.
Journal of Chromatography A 1996, 753 (2), 177-190.
148. Raimondo, M.; Perez, G.; Sinibaldi, M.; De Stefanis, A.; A. G. Tomlinson, A.,
Mesoporous M41S materials in capillary gas chromatography. Chemical Communications 1997,
(15), 1343-1344.
216

149. Kisler, J. M.; Dähler, A.; Stevens, G. W.; O’Connor, A. J., Separation of biological
molecules using mesoporous molecular sieves. Microporous and Mesoporous Materials 2001,
44-45, 769-774.
150. Kisler, J. M.; Stevens, G.; O'Connor, A., Adsorption of Proteins on Mesoporous
Molecular Sieves. Materials Physics And Mechanics 2001, 4 (2), 89-93.
151. Ji, L.; Katiyar, A.; Pinto, N. G.; Jaroniec, M.; Smirniotis, P. G., Al-MCM-41 sorbents for
bovine serum albumin: relation between Al content and performance. Microporous and
Mesoporous Materials 2004, 75 (3), 221-229.
152. Katiyar, A.; Ji, L.; Smirniotis, P. G.; Pinto, N. G., Adsorption of Bovine Serum Albumin
and lysozyme on siliceous MCM-41. Microporous and Mesoporous Materials 2005, 80 (1), 311320.
153. Katiyar, A.; Yadav, S.; Smirniotis, P. G.; Pinto, N. G., Synthesis of ordered large pore
SBA-15 spherical particles for adsorption of biomolecules. Journal of Chromatography A 2006,
1122 (1), 13-20.
154. Han, Y.-J.; Stucky, G. D.; Butler, A., Mesoporous Silicate Sequestration and Release of
Proteins. Journal of the American Chemical Society 1999, 121 (42), 9897-9898.
155. Zhao, J.; Gao, F.; Fu, Y.; Jin, W.; Yang, P.; Zhao, D., Biomolecule separation using large
pore mesoporous SBA-15 as a substrate in high performance liquid chromatography. Chemical
Communications 2002, (7), 752-753.
156. Lee, J. W.; Cho, D. L.; Shim, W. G.; Moon, H., Application of mesoporous MCM-48 and
SBA-15 materials for the separation of biochemicals dissolved in aqueous solution. Korean
Journal of Chemical Engineering 2004, 21 (1), 246-251.
157. Katiyar, A.; Pinto, N. G., Visualization of Size-Selective Protein Separations on
Spherical Mesoporous Silicates. Small 2006, 2 (5), 644-648.
158. Moerz, S. T.; Huber, P., pH-Dependent Selective Protein Adsorption into Mesoporous
Silica. The Journal of Physical Chemistry C 2015, 119 (48), 27072-27079.
159. Liu, X.; Li, L.; Du, Y.; Guo, Z.; Ong, T. T.; Chen, Y.; Ng, S. C.; Yang, Y., Synthesis of
large pore-diameter SBA-15 mesostructured spherical silica and its application in ultra-highperformance liquid chromatography. Journal of Chromatography A 2009, 1216 (45), 7767-7773.
160. Bruzzoniti, M. C.; Prelle, A.; Sarzanini, C.; Onida, B.; Fiorilli, S.; Garrone, E., Retention
of heavy metal ions on SBA-15 mesoporous silica functionalised with carboxylic groups.
Journal of Separation Science 2007, 30 (15), 2414-2420.
161. Bruzzoniti, M. C.; De Carlo, R. M.; Fiorilli, S.; Onida, B.; Sarzanini, C., Functionalized
SBA-15 mesoporous silica in ion chromatography of alkali, alkaline earths, ammonium and
transition metal ions. Journal of Chromatography A 2009, 1216 (29), 5540-5547.
162. Mayani, V. J.; Abdi, S. H. R.; Kureshy, R. I.; Khan, N. H.; Agrawal, S.; Jasra, R. V.,
Synthesis and characterization of mesoporous silica modified with chiral auxiliaries for their
potential application as chiral stationary phase. Journal of Chromatography A 2008, 1191 (1),
223-230.
163. Grande, C. A.; Firpo, N.; Basaldella, E.; Rodrigues, A. E., Propane/Propene Separation
by SBA-15 and π-Complexated Ag-SBA-15. Adsorption 2005, 11 (1), 775-780.
164. Buonomenna, M. G.; Golemme, G.; Tone, C. M.; De Santo, M. P.; Ciuchi, F.; Perrotta,
E., Amine-functionalized SBA-15 in poly(styrene-b-butadiene-b-styrene) (SBS) yields
permeable and selective nanostructured membranes for gas separation. Journal of Materials
Chemistry A 2013, 1 (38), 11853-11866.

217

165. Jansen, J. C., Ideal Gas Selectivity. In Encyclopedia of Membranes, Drioli, E.; Giorno,
L., Eds. Springer Berlin Heidelberg: Berlin, Heidelberg, 2016; pp 1-1.
166. Poole, C. F., EXTRACTION | Solid-Phase Extraction. In Encyclopedia of Separation
Science, Wilson, I. D., Ed. Academic Press: Oxford, 2000; pp 1405-1416.
167. Barakat, M. A., New trends in removing heavy metals from industrial wastewater.
Arabian Journal of Chemistry 2011, 4 (4), 361-377.
168. Fu, F.; Wang, Q., Removal of heavy metal ions from wastewaters: A review. Journal of
Environmental Management 2011, 92 (3), 407-418.
169. Liu, A. M.; Hidajat, K.; Kawi, S.; Zhao, D. Y., A new class of hybrid mesoporous
materials with functionalized organic monolayers for selective adsorption of heavy metal ions.
Chemical Communications 2000, (13), 1145-1146.
170. Liu, Y.; Yuan, L.; Yuan, Y.; Lan, J.; Li, Z.; Feng, Y.; Zhao, Y.; Chai, Z.; Shi, W., A high
efficient sorption of U(VI) from aqueous solution using amino-functionalized SBA-15. Journal
of Radioanalytical and Nuclear Chemistry 2012, 292 (2), 803-810.
171. Li, J.; Qi, T.; Wang, L.; Liu, C.; Zhang, Y., Synthesis and characterization of imidazolefunctionalized SBA-15 as an adsorbent of hexavalent chromium. Materials Letters 2007, 61
(14), 3197-3200.
172. Gao, Z.; Wang, L.; Qi, T.; Chu, J.; Zhang, Y., Synthesis, characterization, and
cadmium(II) uptake of iminodiacetic acid-modified mesoporous SBA-15. Colloids and Surfaces
A: Physicochemical and Engineering Aspects 2007, 304 (1), 77-81.
173. Liu, Y.; Liu, Z.; Gao, J.; Dai, J.; Han, J.; Wang, Y.; Xie, J.; Yan, Y., Selective adsorption
behavior of Pb(II) by mesoporous silica SBA-15-supported Pb(II)-imprinted polymer based on
surface molecularly imprinting technique. Journal of Hazardous Materials 2011, 186 (1), 197205.
174. Branger, C.; Meouche, W.; Margaillan, A., Recent advances on ion-imprinted polymers.
Reactive and Functional Polymers 2013, 73 (6), 859-875.
175. Kandimalla, V. B.; Ju, H., Molecular imprinting: a dynamic technique for diverse
applications in analytical chemistry. Analytical and Bioanalytical Chemistry 2004, 380 (4), 587605.
176. van Nostrum, C. F., Molecular imprinting: A new tool for drug innovation. Drug
Discovery Today: Technologies 2005, 2 (1), 119-124.
177. He, H.; Gu, X.; Shi, L.; Hong, J.; Zhang, H.; Gao, Y.; Du, S.; Chen, L., Molecularly
imprinted polymers based on SBA-15 for selective solid-phase extraction of baicalein from
plasma samples. Analytical and Bioanalytical Chemistry 2015, 407 (2), 509-519.
178. Gu, X.; He, H.; Wang, C.-z.; Gao, Y.; Zhang, H.; Hong, J.; Du, S.; Chen, L.; Yuan, C.-s.,
Synthesis of surface nano-molecularly imprinted polymers for sensitive baicalin detection in
biological samples. RSC Advances 2015, 5 (52), 41377-41384.
179. Sun, C.; Wang, J.; Huang, J.; Yao, D.; Wang, C.-Z.; Zhang, L.; Hou, S.; Chen, L.; Yuan,
C.-S., The Multi-Template Molecularly Imprinted Polymer Based on SBA-15 for Selective
Separation and Determination of Panax notoginseng Saponins Simultaneously in Biological
Samples. Polymers 2017, 9 (12), 653.
180. Ara, K. M.; Pandidan, S.; Aliakbari, A.; Raofie, F.; Amini, M. M., Porous-membraneprotected polyaniline-coated SBA-15 nanocomposite micro-solid-phase extraction followed by
high-performance liquid chromatography for the determination of parabens in cosmetic products
and wastewater. Journal of Separation Science 2015, 38 (7), 1213-1224.

218

181. Casado, N.; Morante-Zarcero, S.; Pérez-Quintanilla, D.; Sierra, I., Application of a hybrid
ordered mesoporous silica as sorbent for solid-phase multi-residue extraction of veterinary drugs
in meat by ultra-high-performance liquid chromatography coupled to ion-trap tandem mass
spectrometry. Journal of Chromatography A 2016, 1459, 24-37.
182. Sayari, A., Catalysis by Crystalline Mesoporous Molecular Sieves. Chemistry of
Materials 1996, 8 (8), 1840-1852.
183. Luan, Z.; Maes, E. M.; van der Heide, P. A. W.; Zhao, D.; Czernuszewicz, R. S.; Kevan,
L., Incorporation of Titanium into Mesoporous Silica Molecular Sieve SBA-15. Chemistry of
Materials 1999, 11 (12), 3680-3686.
184. Wang, Y.; Noguchi, M.; Takahashi, Y.; Ohtsuka, Y., Synthesis of SBA-15 with different
pore sizes and the utilization as supports of high loading of cobalt catalysts. Catalysis Today
2001, 68 (1), 3-9.
185. Chen, G.; Guo, C.-Y.; Huang, Z.; Yuan, G., Synthesis of ethanol from syngas over ironpromoted Rh immobilized on modified SBA-15 molecular sieve: Effect of iron loading.
Chemical Engineering Research and Design 2011, 89 (3), 249-253.
186. Chen, G.; Guo, C.-Y.; Zhang, X.; Huang, Z.; Yuan, G., Direct conversion of syngas to
ethanol over Rh/Mn-supported on modified SBA-15 molecular sieves: Effect of supports. Fuel
Processing Technology 2011, 92 (3), 456-461.
187. Ooi, Y.-S.; Zakaria, R.; Mohamed, A. R.; Bhatia, S., Hydrothermal stability and catalytic
activity of mesoporous aluminum-containing SBA-15. Catalysis Communications 2004, 5 (8),
441-445.
188. Ooi, Y.-S.; Bhatia, S., Aluminum-containing SBA-15 as cracking catalyst for the
production of biofuel from waste used palm oil. Microporous and Mesoporous Materials 2007,
102 (1), 310-317.
189. Lu, Q.; Tang, Z.; Zhang, Y.; Zhu, X.-f., Catalytic Upgrading of Biomass Fast Pyrolysis
Vapors with Pd/SBA-15 Catalysts. Industrial & Engineering Chemistry Research 2010, 49 (6),
2573-2580.
190. Zhang, Y.; Xiao, R.; Gu, X.; Zhang, H.; Shen, D.; He, G., Catalytic Pyrolysis of Biomass
with Fe/La/SBA-15 Catalyst using TGA–FTIR Analysis. BioResources; Vol 9, No 3 (2014)
2014.
191. Jung Cho, H.; Su Heo, H.; Jeon, J.-K.; Park, S.; Jeong, K.-E.; Park, Y.-K., Catalytic
conversion of wood waste to bio-oil using mesoporous SBA-15 catalyst. Reviews on Advanced
Materials Science 2011, 28 (2), 150-153.
192. Qiang, L.; Wen-zhi, L.; Dong, Z.; Xi-feng, Z., Analytical pyrolysis–gas
chromatography/mass spectrometry (Py–GC/MS) of sawdust with Al/SBA-15 catalysts. Journal
of Analytical and Applied Pyrolysis 2009, 84 (2), 131-138.
193. Vinu, A.; Murugesan, V.; Tangermann, O.; Hartmann, M., Adsorption of Cytochrome c
on Mesoporous Molecular Sieves: Influence of pH, Pore Diameter, and Aluminum
Incorporation. Chemistry of Materials 2004, 16 (16), 3056-3065.
194. Lan, E. H.; Dunn, B.; Valentine, J. S.; Zink, J. I., Encapsulation of the ferritin protein in
sol-gel derived silica glasses. Journal of Sol-Gel Science and Technology 1996, 7 (1), 109-116.
195. Vinu, A.; Murugesan, V.; Hartmann, M., Adsorption of Lysozyme over Mesoporous
Molecular Sieves MCM-41 and SBA-15: Influence of pH and Aluminum Incorporation. The
Journal of Physical Chemistry B 2004, 108 (22), 7323-7330.
196. Ispas, C.; Sokolov, I.; Andreescu, S., Enzyme-functionalized mesoporous silica for
bioanalytical applications. Analytical and Bioanalytical Chemistry 2009, 393 (2), 543-554.
219

197. Niu, X.; Wang, Z.; Li, Y.; Zhao, Z.; Liu, J.; Jiang, L.; Xu, H.; Li, Z., “Fish-in-Net”, a
Novel Method for Cell Immobilization of Zymomonas mobilis. PLOS ONE 2013, 8 (11),
e79569.
198. Gómez, J. M.; Romero, M. D.; Fernández, T. M.; García, S., Immobilization and
enzymatic activity of β-glucosidase on mesoporous SBA-15 silica. Journal of Porous Materials
2010, 17 (6), 657-662.
199. Qu, Y.; Kong, C.; Zhou, H.; Shen, E.; Wang, J.; Shen, W.; Zhang, X.; Zhang, Z.; Ma, Q.;
Zhou, J., Catalytic properties of 2,3-dihydroxybiphenyl 1,2-dioxygenase from Dyella
Ginsengisoli LA-4 immobilized on mesoporous silica SBA-15. Journal of Molecular Catalysis
B: Enzymatic 2014, 99, 136-142.
200. Zhou, H.; Qu, Y.; Bu, Y.; Li, X.; Kong, C.; Ma, Q.; Zhang, Q.; Zhang, X.; Zhou, J.,
Molecular-Simulation-Assisted Immobilization and Catalytic Performance of C-C Hydrolase
MfphA on SBA-15 Mesoporous Silica. ChemPlusChem 2012, 77 (4), 293-300.
201. Fan, J.; Lei, J.; Wang, L.; Yu, C.; Tu, B.; Zhao, D., Rapid and high-capacity
immobilization of enzymes based on mesoporous silicas with controlled morphologies. Chemical
Communications 2003, (17), 2140-2141.
202. Sun, J.; Zhang, H.; Tian, R.; Ma, D.; Bao, X.; Su, D. S.; Zou, H., Ultrafast enzyme
immobilization over large-pore nanoscale mesoporous silica particles. Chemical
Communications 2006, (12), 1322-1324.
203. Dan, H.; Dong, X.; Lu, X.; Ding, Y., Facile route to synthesize mesoporous SBA-15 rods
with different sizes for lysozyme immobilization. Journal of Sol-Gel Science and Technology
2017, 81 (3), 782-790.
204. Wang, X.; Lin, K. S. K.; Chan, J. C. C.; Cheng, S., Direct Synthesis and Catalytic
Applications of Ordered Large Pore Aminopropyl-Functionalized SBA-15 Mesoporous
Materials. The Journal of Physical Chemistry B 2005, 109 (5), 1763-1769.
205. Doadrio, A. L.; Sousa, E. M. B.; Doadrio, J. C.; Pérez Pariente, J.; Izquierdo-Barba, I.;
Vallet-Regı́, M., Mesoporous SBA-15 HPLC evaluation for controlled gentamicin drug delivery.
Journal of Controlled Release 2004, 97 (1), 125-132.
206. Vallet-Regı́, M.; Doadrio, J. C.; Doadrio, A. L.; Izquierdo-Barba, I.; Pérez-Pariente, J.,
Hexagonal ordered mesoporous material as a matrix for the controlled release of amoxicillin.
Solid State Ionics 2004, 172 (1), 435-439.
207. Sevimli, F.; Yılmaz, A., Surface functionalization of SBA-15 particles for amoxicillin
delivery. Microporous and Mesoporous Materials 2012, 158, 281-291.
208. Song, S. W.; Hidajat, K.; Kawi, S., Functionalized SBA-15 Materials as Carriers for
Controlled Drug Delivery: Influence of Surface Properties on Matrix−Drug Interactions.
Langmuir 2005, 21 (21), 9568-9575.
209. Ortiz-Bustos, J.; Martín, A.; Morales, V.; Sanz, R.; García-Muñoz, R. A., Surfacefunctionalization of mesoporous SBA-15 silica materials for controlled release of
methylprednisolone sodium hemisuccinate: Influence of functionality type and strategies of
incorporation. Microporous and Mesoporous Materials 2017, 240, 236-245.
210. Moritz, M.; Łaniecki, M., SBA-15 mesoporous material modified with APTES as the
carrier for 2-(3-benzoylphenyl)propionic acid. Applied Surface Science 2012, 258 (19), 75237529.
211. Goscianska, J.; Olejnik, A.; Nowak, I., APTES-functionalized mesoporous silica as a
vehicle for antipyrine – adsorption and release studies. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 2017, 533, 187-196.
220

212. Nairi, V.; Medda, L.; Monduzzi, M.; Salis, A., Adsorption and release of ampicillin
antibiotic from ordered mesoporous silica. Journal of Colloid and Interface Science 2017, 497,
217-225.
213. Hwang, D. H.; Lee, D.; Lee, H.; Choe, D.; Lee, S. H.; Lee, K., Surface functionalization
of SBA-15 particles for ibuprofen delivery. Korean Journal of Chemical Engineering 2010, 27
(4), 1087-1092.
214. Hashemikia, S.; Hemmatinejad, N.; Ahmadi, E.; Montazer, M., A novel cotton fabric
with anti-bacterial and drug delivery properties using SBA-15-NH2/polysiloxane hybrid
containing tetracycline. Materials Science and Engineering: C 2016, 59, 429-437.
215. Lu, J.; Liong, M.; Li, Z.; Zink, J. I.; Tamanoi, F., Biocompatibility, Biodistribution, and
Drug-Delivery Efficiency of Mesoporous Silica Nanoparticles for Cancer Therapy in Animals.
Small 2010, 6 (16), 1794-1805.
216. Deodhar, G. V.; Adams, M. L.; Trewyn, B. G., Controlled release and intracellular
protein delivery from mesoporous silica nanoparticles. Biotechnology Journal 2017, 12 (1),
1600408.
217. Vivero-Escoto, J. L.; Slowing, I. I.; Trewyn, B. G.; Lin, V. S.-Y., Mesoporous Silica
Nanoparticles for Intracellular Controlled Drug Delivery. Small 2010, 6 (18), 1952-1967.
218. Prokop, A.; Davidson, J. M., Nanovehicular intracellular delivery systems. Journal of
Pharmaceutical Sciences 2008, 97 (9), 3518-3590.
219. Yang, Y.; Karmakar, S.; Zhang, J.; Yu, M.; Mitter, N.; Yu, C., Synthesis of SBA-15 rods
with small sizes for enhanced cellular uptake. Journal of Materials Chemistry B 2014, 2 (30),
4929-4934.
220. Tenne, R.; Margulis, L.; Genut, M.; Hodes, G., Polyhedral and cylindrical structures of
tungsten disulphide. Nature 1992, 360, 444.
221. Bacon, R., Growth, Structure, and Properties of Graphite Whiskers. Journal of Applied
Physics 1960, 31 (2), 283-290.
222. Iijima, S., Helical microtubules of graphitic carbon. Nature 1991, 354, 56.
223. Amelinckx, S.; Zhang, X. B.; Bernaerts, D.; Zhang, X. F.; Ivanov, V.; Nagy, J. B., A
Formation Mechanism for Catalytically Grown Helix-Shaped Graphite Nanotubes. Science 1994,
265 (5172), 635-639.
224. Hofer, L. J. E.; Sterling, E.; McCartney, J. T., Structure of Carbon Deposited from
Carbon Monoxide on Iron, Cobalt and Nickel. The Journal of Physical Chemistry 1955, 59 (11),
1153-1155.
225. Hamilton, E. J. M.; Dolan, S. E.; Mann, C. M.; Colijn, H. O.; McDonald, C. A.; Shore, S.
G., Preparation of Amorphous Boron Nitride and Its Conversion to a Turbostratic, Tubular Form.
Science 1993, 260 (5108), 659-661.
226. Nemetscheck, T.; Hoffman, U. Z., Feine fasern aus kieselsäure. Naturforsch 1953, 8b,
410-412.
227. Nemetscheck, T.; Hoffman, U. Z., Hohlfasern aus amorpher kieselsäure. Naturforsch
1954, 9b, 166-167.
228. Nakamura, H.; Matsui, Y., Silica Gel Nanotubes Obtained by the Sol-Gel Method.
Journal of the American Chemical Society 1995, 117 (9), 2651-2652.
229. Nishizawa, M.; Menon, V. P.; Martin, C. R., Metal Nanotubule Membranes with
Electrochemically Switchable Ion-Transport Selectivity. Science 1995, 268 (5211), 700-702.

221

230. Satishkumar, B. C. G., A.; Vogl, E. M.; Basumallick, L.; Rao, C. N. R. , Oxide nanotubes
prepared using carbon nanotubes as templates. Journal of Materials Research 1997, 12 (3), 604606.
231. Spahr, M. E.; Bitterli, P.; Nesper, R.; Müller, M.; Krumeich, F.; Nissen, H. U., RedoxActive Nanotubes of Vanadium Oxide. Angewandte Chemie International Edition 1998, 37 (9),
1263-1265.
232. Lakshmi, B. B.; Dorhout, P. K.; Martin, C. R., Sol−Gel Template Synthesis of
Semiconductor Nanostructures. Chemistry of Materials 1997, 9 (3), 857-862.
233. Lakshmi, B. B.; Patrissi, C. J.; Martin, C. R., Sol−Gel Template Synthesis of
Semiconductor Oxide Micro- and Nanostructures. Chemistry of Materials 1997, 9 (11), 25442550.
234. Zhenghe, H.; Shaoguang, Y.; Hongbo, H.; Liya, L.; Mu, L.; Benxi, G.; Youwei, D.,
Metal nanotubes prepared by a sol–gel method followed by a hydrogen reduction procedure.
Nanotechnology 2006, 17 (20), 5106.
235. Wang, W.; Li, N.; Li, X.; Geng, W.; Qiu, S., Synthesis of metallic nanotube arrays in
porous anodic aluminum oxide template through electroless deposition. Materials Research
Bulletin 2006, 41 (8), 1417-1423.
236. Zhang, M. B., Y.; Wada, K. , Silicon dioxide nanotubes prepared by anodic alumina as
templates. Journal of Materials Research 2000, 15 (2), 387-392.
237. Zhang, M. B., Y.; Wada, K.; Kurashima, K., Synthesis of nanotubes and nanowires of
silicon oxide. Journal of Materials Science Letters 1999, 18 (23), 1911-1913.
238. Schnur, J. M.; Price, R.; Schoen, P.; Yager, P.; Calvert, J. M.; Georger, J.; Singh, A.,
Lipid-based tubule microstructures. Thin Solid Films 1987, 152 (1), 181-206.
239. Mertig, M. K., R.; Pompe, W., Biomolecular approach to nanotube fabrication. Applied
Physics A 1998, 66 (Supplement 1), S723-S727.
240. Knez, M.; Kadri, A.; Wege, C.; Gösele, U.; Jeske, H.; Nielsch, K., Atomic Layer
Deposition on Biological Macromolecules: Metal Oxide Coating of Tobacco Mosaic Virus and
Ferritin. Nano Letters 2006, 6 (6), 1172-1177.
241. Ajayan, P. M.; Stephan, O.; Redlich, P.; Colliex, C., Carbon nanotubes as removable
templates for metal oxide nanocomposites and nanostructures. Nature 1995, 375, 564.
242. Kim, J. H.; Zhang, X. H.; Kim, J. D.; Park, H. M.; Lee, S. B.; Yi, J. W.; Jung, S. I.,
Synthesis and characterization of anatase TiO2 nanotubes with controllable crystal size by a
simple MWCNT template method. Journal of Solid State Chemistry 2012, 196, 435-440.
243. Muñoz-Muñoz, F.; Soto, G.; Domínguez, D.; Romo-Herrera, J.; Bedolla-Valdez, Z. I.;
Alonso-Nuñez, G.; Contreras, O. E.; Tiznado, H., The control of thickness on aluminum oxide
nanotubes by Atomic Layer Deposition using carbon nanotubes as removable templates. Powder
Technology 2015, 286, 602-609.
244. Dominguez, D. R.-H., J.M.; Solorio, F.; Borbón-Núñez, H.A.; Landeros, M.; Díaz de
León, J.N.; Contreras, E.; Contreras, O.E.; Olivas, A.; Reynoso-Soto, E.A.; Tiznado, H.; Soto,
G., Low-temperature ozone treatment for carbon nanotube template removal: improving the
template-based ALD method. Journal of Nanoparticle Research 2018, 20 (246), 1-10.
245. Yoon, J.-H.; Chae, W.-S.; Cho, H. M.; Choi, M.-G.; Kim, Y.-R., Novel fabrication of
silica nanotube by selective photoetching of CdS nanorod template. Materials Research Bulletin
2006, 41 (9), 1657-1663.

222

246. Obare, S. O.; Jana, N. R.; Murphy, C. J., Preparation of Polystyrene- and Silica-Coated
Gold Nanorods and Their Use as Templates for the Synthesis of Hollow Nanotubes. Nano
Letters 2001, 1 (11), 601-603.
247. Osmanbeyoglu, H. U.; Hur, T. B.; Kim, H. K., Thin alumina nanoporous membranes for
similar size biomolecule separation. Journal of Membrane Science 2009, 343 (1), 1-6.
248. Ono, Y.; Nakashima, K.; Sano, M.; Kanekiyo, Y.; Inoue, K.; Shinkai, S.; Sano, M.; Hojo,
J., Organic gels are useful as a template for the preparation of hollow fiber silica. Chemical
Communications 1998, (14), 1477-1478.
249. Adachi, M.; Harada, T.; Harada, M., Formation of Huge Length Silica Nanotubes by a
Templating Mechanism in the Laurylamine/Tetraethoxysilane System. Langmuir 1999, 15 (21),
7097-7100.
250. Adachi, M.; Harada, T.; Harada, M., Formation Processes of Silica Nanotubes through a
Surfactant-Assisted Templating Mechanism in Laurylamine Hydrochloride/Tetraethoxysilane
System. Langmuir 2000, 16 (5), 2376-2384.
251. Harada, M.; Adachi, M., Surfactant-Mediated Fabrication of Silica Nanotubes. Advanced
Materials 2000, 12 (11), 839-841.
252. Wang, H.; Wang, Y.; Zhou, X.; Zhou, L.; Tang, J.; Lei, J.; Yu, C., Siliceous Unilamellar
Vesicles and Foams by Using Block-Copolymer Cooperative Vesicle Templating. Advanced
Functional Materials 2007, 17 (4), 613-617.
253. Ding, S.; Liu, N.; Li, X.; Peng, L.; Guo, X.; Ding, W., Silica Nanotubes and Their
Assembly Assisted by Boric Acid to Hierachical Mesostructures. Langmuir 2010, 26 (7), 45724575.
254. Lee, H.; Char, K., Morphological Changes from Silica Tubules to Hollow Spheres
Controlled by the Intermolecular Interactions within Block Copolymer Micelle Templates. ACS
Applied Materials & Interfaces 2009, 1 (4), 913-920.
255. Lei, S.; Zhang, J.; Wang, J.; Huang, J., Self-Catalytic Sol−Gel Synergetic Replication of
Uniform Silica Nanotubes Using an Amino Acid Amphiphile Dynamically Growing Fibers as
Template. Langmuir 2010, 26 (6), 4288-4295.
256. Mandal, M.; Kruk, M., Family of Single-Micelle-Templated Organosilica Hollow
Nanospheres and Nanotubes Synthesized through Adjustment of Organosilica/Surfactant Ratio.
Chemistry of Materials 2012, 24 (1), 123-132.
257. Khanal, A.; Inoue, Y.; Yada, M.; Nakashima, K., Synthesis of Silica Hollow
Nanoparticles Templated by Polymeric Micelle with Core−Shell−Corona Structure. Journal of
the American Chemical Society 2007, 129 (6), 1534-1535.
258. Tang, J.; Zhou, X.; Zhao, D.; Lu, G. Q.; Zou, J.; Yu, C., Hard-Sphere Packing and
Icosahedral Assembly in the Formation of Mesoporous Materials. Journal of the American
Chemical Society 2007, 129 (29), 9044-9048.
259. Casimir, A.; Zhang, H.; Ogoke, O.; Amine, J. C.; Lu, J.; Wu, G., Silicon-based anodes
for lithium-ion batteries: Effectiveness of materials synthesis and electrode preparation. Nano
Energy 2016, 27, 359-376.
260. Wu, H.; Cui, Y., Designing nanostructured Si anodes for high energy lithium ion
batteries. Nano Today 2012, 7 (5), 414-429.
261. Liu, X. H.; Zhong, L.; Huang, S.; Mao, S. X.; Zhu, T.; Huang, J. Y., Size-Dependent
Fracture of Silicon Nanoparticles During Lithiation. ACS Nano 2012, 6 (2), 1522-1531.

223

262. Wen, Z.; Lu, G.; Mao, S.; Kim, H.; Cui, S.; Yu, K.; Huang, X.; Hurley, P. T.; Mao, O.;
Chen, J., Silicon nanotube anode for lithium-ion batteries. Electrochemistry Communications
2013, 29, 67-70.
263. Wang, P.; Du, M.; Zhu, H.; Bao, S.; Yang, T.; Zou, M., Structure regulation of silica
nanotubes and their adsorption behaviors for heavy metal ions: pH effect, kinetics, isotherms and
mechanism. Journal of Hazardous Materials 2015, 286, 533-544.
264. Clement, J. L.; Jarrett, P. S., Antibacterial silver. Metal-based drugs 1994, 1 (5-6), 467482.
265. Wen, C.; Yin, A.; Dai, W.-L., Recent advances in silver-based heterogeneous catalysts
for green chemistry processes. Applied Catalysis B: Environmental 2014, 160-161, 730-741.
266. Wang, J.-X.; Wen, L.-X.; Wang, Z.-H.; Wang, M.; Shao, L.; Chen, J.-F., Facile synthesis
of hollow silica nanotubes and their application as supports for immobilization of silver
nanoparticles. Scripta Materialia 2004, 51 (11), 1035-1039.
267. Park, G.; Lee, S.; Son, S. J.; Shin, S., Pd nanoparticle-silica nanotubes (Pd@SNTs) as an
efficient catalyst for Suzuki–Miyaura coupling and sp2 C–H arylation in water. Green Chemistry
2013, 15 (12), 3468-3473.
268. Liu, J.; Hao, J.; Hu, C.; He, B.; Xi, J.; Xiao, J.; Wang, S.; Bai, Z., Palladium
Nanoparticles Anchored on Amine-Functionalized Silica Nanotubes as a Highly Effective
Catalyst. The Journal of Physical Chemistry C 2018, 122 (5), 2696-2703.
269. Ding, H.-M.; Shao, L.; Liu, R.-J.; Xiao, Q.-G.; Chen, J.-F., Silica nanotubes for lysozyme
immobilization. Journal of Colloid and Interface Science 2005, 290 (1), 102-106.
270. Kapoor, S.; Bhattacharyya, A. J., Ultrasound-Triggered Controlled Drug Delivery and
Biosensing Using Silica Nanotubes. The Journal of Physical Chemistry C 2009, 113 (17), 71557163.
271. Zhou, J.; Zhang, W.; Hong, C.; Pan, C., Silica Nanotubes Decorated by pH-Responsive
Diblock Copolymers for Controlled Drug Release. ACS Applied Materials & Interfaces 2015, 7
(6), 3618-3625.
272. Li, J.; Wang, Y.; Zheng, X.; Zhang, Y.; Sun, C.; Gao, Y.; Jiang, T.; Wang, S., The
synthesis and application involving regulation of the insoluble drug release from mesoporous
silica nanotubes. Applied Surface Science 2015, 330, 374-382.
273. Kim, S. Y.; Son, S. J.; Min, J., A DNA sensor using gold-coated barcode silica
nanotubes. Technical Proceedings of the 2011 NSTI Nanotechnology Conference and Expo,
NSTI-Nanotech 2011 2011, 3, Nanotechnology 2011: Bio Sensors, Instruments, Medical,
Environment and Energy, 28-31.
274. Nguyen, P.-D.; Tran, T. B.; Nguyen, D. T. X.; Min, J., Magnetic silica nanotube-assisted
impedimetric immunosensor for the separation and label-free detection of Salmonella
typhimurium. Sensors and Actuators B: Chemical 2014, 197, 314-320.
275. Gao, C.; Zhang, Q.; Lu, Z.; Yin, Y., Templated Synthesis of Metal Nanorods in Silica
Nanotubes. Journal of the American Chemical Society 2011, 133 (49), 19706-19709.
276. Wan, Y.; Liu, P.; Zhang, C.; Yang, Z.; Xiong, G.; Zheng, X.; Luo, H., Synthesis of a
three-dimensional network-structured scaffold built of silica nanotubes for potential bone tissue
engineering applications. Journal of Alloys and Compounds 2015, 647, 711-719.
277. Kipkemboi, P.; Fogden, A.; Alfredsson, V.; Flodström, K., Triblock Copolymers as
Templates in Mesoporous Silica Formation: Structural Dependence on Polymer Chain Length
and Synthesis Temperature. Langmuir 2001, 17 (17), 5398-5402.

224

278. Galarneau, A.; Cambon, H.; Di Renzo, F.; Fajula, F., True Microporosity and Surface
Area of Mesoporous SBA-15 Silicas as a Function of Synthesis Temperature. Langmuir 2001, 17
(26), 8328-8335.
279. Brown, W.; Schillen, K.; Almgren, M.; Hvidt, S.; Bahadur, P., Micelle and gel formation
in a poly(ethylene oxide)/poly(propylene oxide)/poly(ethylene oxide) triblock copolymer in
water solution: dynamic and static light scattering and oscillatory shear measurements. The
Journal of Physical Chemistry 1991, 95 (4), 1850-1858.
280. Almgren, M.; Brown, W.; Hvidt, S., Self-aggregation and phase behavior of
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) block copolymers in aqueous
solution. Colloid and Polymer Science 1995, 273 (1), 2-15.
281. Griffin, W. C., Classification of surface-active agents by "HLB". Journal of the Society of
Cosmetic Chemists 1949, 1 (5), 311-326.
282. Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. W., Theory of self-assembly of
hydrocarbon amphiphiles into micelles and bilayers. Journal of the Chemical Society, Faraday
Transactions 2: Molecular and Chemical Physics 1976, 72 (0), 1525-1568.
283. Abbott, S., Surfactant Science: Principles and Practice. DEStech Publications, Inc.:
Lancaster, Pennsylvania, 2018; p 198.
284. Bates, F. S.; Fredrickson, G. H., Block copolymers-designer soft materials. Physics
Today 1999, 52 (2), 32-38.
285. Kim, J. M.; Sakamoto, Y.; Hwang, Y. K.; Kwon, Y.-U.; Terasaki, O.; Park, S.-E.;
Stucky, G. D., Structural Design of Mesoporous Silica by Micelle-Packing Control Using Blends
of Amphiphilic Block Copolymers. The Journal of Physical Chemistry B 2002, 106 (10), 25522558.
286. Kamrath, R. F.; Franses, E. I., Mass-action model of mixed micellization. The Journal of
Physical Chemistry 1984, 88 (8), 1642-1648.
287. Pilsl, H.; Hoffmann, H.; Hofmann, S.; Kalus, J.; Kencono, A. W.; Lindner, P.; Ulbricht,
W., Shape investigation of mixed micelles by small angle neutron scattering. The Journal of
Physical Chemistry 1993, 97 (11), 2745-2754.
288. Khushalani, D.; Kuperman, A.; Coombs, N.; Ozin, G. A., Mixed Surfactant Assemblies
in the Synthesis of Mesoporous Silicas. Chemistry of Materials 1996, 8 (8), 2188-2193.
289. Jana, S. K.; Mochizuki, A.; Namba, S., Progress in Pore-Size Control of Mesoporous
MCM-41 Molecular Sieve Using Surfactant Having Different Alkyl Chain Lengths and Various
Organic Auxiliary Chemicals. Catalysis Surveys from Asia 2004, 8 (1), 1-13.
290. Kulthe, S. S.; Inamdar, N. N.; Choudhari, Y. M.; Shirolikar, S. M.; Borde, L. C.; Mourya,
V. K., Mixed micelle formation with hydrophobic and hydrophilic Pluronic block copolymers:
Implications for controlled and targeted drug delivery. Colloids and Surfaces B: Biointerfaces
2011, 88 (2), 691-696.
291. Namba, S.; Mochizuki, A.; Kito, M., Fine Control of Pore Size of Highly Ordered MCM41 by Using Template Mixtures of Dodecyltrimethylammonium
Bromide/Hexadecyltrimethylammonium Bromide with Various Molar Ratios. Chemistry Letters
1998, 27 (7), 569-570.
292. Ryoo, R.; Hyun Ko, C.; Park, I.-S., Synthesis of highly ordered MCM-41 by micellepacking control with mixed surfactants. Chemical Communications 1999, (15), 1413-1414.
293. Cheng, Y.-R.; Lin, H.-P.; Mou, C.-Y., Control of mesostructure and morphology of
surfactant-templated silica in a mixed surfactant system. Physical Chemistry Chemical Physics
1999, 1 (21), 5051-5058.
225

294. Chen, F.; Huang, L.; Li, Q., Synthesis of MCM-48 Using Mixed Cationic−Anionic
Surfactants as Templates. Chemistry of Materials 1997, 9 (12), 2685-2686.
295. Ryoo, R.; Kim, J. M., Structural order in MCM-41 controlled by shifting silicate
polymerization equilibrium. Journal of the Chemical Society, Chemical Communications 1995,
(7), 711-712.
296. Ryoo, R.; Joo, S. H.; Kim, J. M., Energetically Favored Formation of MCM-48 from
Cationic−Neutral Surfactant Mixtures. The Journal of Physical Chemistry B 1999, 103 (35),
7435-7440.
297. Song, M.-G.; Kim, J.-Y.; Cho, S.-H.; Kim, J.-D., Mixed Cationic−Nonionic Surfactant
Templating Approach for the Synthesis of Mesoporous Silica. Langmuir 2002, 18 (16), 61106115.
298. Zhao, D.; Sun, J.; Li, Q.; Stucky, G. D., Morphological Control of Highly Ordered
Mesoporous Silica SBA-15. Chemistry of Materials 2000, 12 (2), 275-279.
299. Chen, D.; Li, Z.; Yu, C.; Shi, Y.; Zhang, Z.; Tu, B.; Zhao, D., Nonionic Block
Copolymer and Anionic Mixed Surfactants Directed Synthesis of Highly Ordered Mesoporous
Silica with Bicontinuous Cubic Structure. Chemistry of Materials 2005, 17 (12), 3228-3234.
300. Alakhov, V.; Klinski, E.; Li, S.; Pietrzynski, G.; Venne, A.; Batrakova, E.; Bronitch, T.;
Kabanov, A., Block copolymer-based formulation of doxorubicin. From cell screen to clinical
trials. Colloids and Surfaces B: Biointerfaces 1999, 16 (1), 113-134.
301. Kim, T.-W.; Ryoo, R.; Kruk, M.; Gierszal, K. P.; Jaroniec, M.; Kamiya, S.; Terasaki, O.,
Tailoring the Pore Structure of SBA-16 Silica Molecular Sieve through the Use of Copolymer
Blends and Control of Synthesis Temperature and Time. The Journal of Physical Chemistry B
2004, 108 (31), 11480-11489.
302. Curves Ahead. In Charming Proofs, 1 ed.; Alsina, C.; Nelsen, R. B., Eds. Mathematical
Association of America: 2010; Vol. 42, pp 137-158.
303. O'Neill, B., Chapter 2 - Frame Fields. In Elementary Differential Geometry (Revised
Second Edition), Academic Press: Boston, 2006; pp 43-99.
304. Cook, T. A., The Curves of Life. Constable: London, 1914.
305. Smyth, D. R., Helical growth in plant organs: mechanisms and significance. Development
2016, 143 (18), 3272-3282.
306. Holt, J. G., Bergey's Manual of Determinative Bacteriology. 9th ed.; Williams & Wilkins:
Baltimore, 1994.
307. Mendelson, N. H., Helical growth of Bacillus subtilis: a new model of cell growth.
Proceedings of the National Academy of Sciences 1976, 73 (5), 1740-1744.
308. Lloyd, C.; Chan, J., Helical Microtubule Arrays and Spiral Growth. The Plant Cell 2002,
14 (10), 2319-2324.
309. Barlow, D. J.; Thornton, J. M., Helix geometry in proteins. Journal of Molecular Biology
1988, 201 (3), 601-619.
310. Pauling, L.; Corey, R. B.; Branson, H. R., The structure of proteins: Two hydrogenbonded helical configurations of the polypeptide chain. Proceedings of the National Academy of
Sciences 1951, 37 (4), 205-211.
311. Cruz, J. A.; Westhof, E., The Dynamic Landscapes of RNA Architecture. Cell 2009, 136
(4), 604-609.
312. Safaee, N.; Noronha, A. M.; Rodionov, D.; Kozlov, G.; Wilds, C. J.; Sheldrick, G. M.;
Gehring, K., Structure of the Parallel Duplex of Poly(A) RNA: Evaluation of a 50 Year-Old
Prediction. Angewandte Chemie International Edition 2013, 52 (39), 10370-10373.
226

313. Watson, J. D.; Crick, F. H. C., Molecular Structure of Nucleic Acids: A Structure for
Deoxyribose Nucleic Acid. Nature 1953, 171, 737.
314. Weisstein, E. W., Helix. In CRC Concise Encyclopedia of Mathematics, 2nd ed.;
Chapman and Hall/CRC: 2012; p 1329.
315. Hegstrom, R. A.; Chamberlain, J. P.; Seto, K.; Watson, R. G., Mapping the weak chirality
of atoms. American Journal of Physics 1988, 56 (12), 1086-1092.
316. Kieffer, L. J.; Dunn, G. H., Electron Impact Ionization Cross-Section Data for Atoms,
Atomic Ions, and Diatomic Molecules: I. Experimental Data. Reviews of Modern Physics 1966,
38 (1), 1-35.
317. Kibis, O.; Malevannyy, S.; Huggett, L.; Parfitt, D.; Portnoi, M., Superlattice Properties of
Helical Nanostructures in a Transverse Electric Field. Electromagnetics 2005, 25 (5), 425-435.
318. Sun, H.; Wang, Q.; Geng, H.; Li, B.; Li, Y.; Wu, Q.-H.; Fan, J.; Yang, Y., Fabrication of
chiral mesoporous carbonaceous nanofibers and their electrochemical energy storage.
Electrochimica Acta 2016, 213, 752-760.
319. Liu, S.; Han, L.; Duan, Y.; Asahina, S.; Terasaki, O.; Cao, Y.; Liu, B.; Ma, L.; Zhang, J.;
Che, S., Synthesis of chiral TiO2 nanofibre with electron transition-based optical activity. Nature
Communications 2012, 3, 1215.
320. Qin, J.; Li, B.; Li, Y.; Yang, Y., Chiroptical activity of single-handed helical silica
nanotubes doped with CdS nanoparticles. Materials Letters 2017, 192, 146-148.
321. Tachibana, Y.; Vayssieres, L.; Durrant, J. R., Artificial photosynthesis for solar watersplitting. Nature Photonics 2012, 6, 511.
322. Bard, A. J.; Fox, M. A., Artificial Photosynthesis: Solar Splitting of Water to Hydrogen
and Oxygen. Accounts of Chemical Research 1995, 28 (3), 141-145.
323. Graetzel, M., Artificial photosynthesis: water cleavage into hydrogen and oxygen by
visible light. Accounts of Chemical Research 1981, 14 (12), 376-384.
324. Fujishima, A.; Honda, K., Electrochemical Photolysis of Water at a Semiconductor
Electrode. Nature 1972, 238, 37.
325. Zheng, Y.; Lin, L.; Ye, X.; Guo, F.; Wang, X., Helical Graphitic Carbon Nitrides with
Photocatalytic and Optical Activities. Angewandte Chemie International Edition 2014, 53 (44),
11926-11930.
326. Shi, X.; Choi, I. Y.; Zhang, K.; Kwon, J.; Kim, D. Y.; Lee, J. K.; Oh, S. H.; Kim, J. K.;
Park, J. H., Efficient photoelectrochemical hydrogen production from bismuth vanadatedecorated tungsten trioxide helix nanostructures. Nature Communications 2014, 5, 4775.
327. Chhabra, N.; Aseri, M.; Padmanabhan, D., A review of drug isomerism and its
significance. International Journal of Applied and Basic Medical Research 2013, 3 (1), 16-18.
328. Schäferling, M.; Dregely, D.; Hentschel, M.; Giessen, H., Tailoring Enhanced Optical
Chirality: Design Principles for Chiral Plasmonic Nanostructures. Physical Review X 2012, 2 (3),
031010.
329. Zhang, Z. Y.; Zhao, Y. P., Optical properties of helical and multiring Ag nanostructures:
The effect of pitch height. Journal of Applied Physics 2008, 104 (1), 013517.
330. Schäferling, M.; Yin, X.; Engheta, N.; Giessen, H., Helical Plasmonic Nanostructures as
Prototypical Chiral Near-Field Sources. ACS Photonics 2014, 1 (6), 530-537.
331. Sato, I.; Kadowaki, K.; Urabe, H.; Jung, J. H.; Ono, Y.; Shinkai, S.; Soai, K., Highly
enantioselective synthesis of organic compound using right- and left-handed helical silica.
Tetrahedron Letters 2003, 44 (4), 721-724.

227

332. Zou, H.; Wang, R.; Shi, Z.; Dai, J.; Zhang, Z.; Qiu, S., One-dimensional periodic
mesoporous organosilica helical nanotubes with amphiphilic properties for the removal of
contaminants from water. Journal of Materials Chemistry A 2016, 4 (11), 4145-4154.
333. Xiang, H.; Shin, K.; Kim, T.; Moon, S. I.; McCarthy, T. J.; Russell, T. P., From
Cylinders to Helices upon Confinement. Macromolecules 2005, 38 (4), 1055-1056.
334. Cornelissen, J. J. L. M.; Donners, J. J. J. M.; de Gelder, R.; Graswinckel, W. S.;
Metselaar, G. A.; Rowan, A. E.; Sommerdijk, N. A. J. M.; Nolte, R. J. M., β-Helical Polymers
from Isocyanopeptides. Science 2001, 293 (5530), 676-680.
335. Cornelissen, J. J. L. M.; Fischer, M.; Sommerdijk, N. A. J. M.; Nolte, R. J. M., Helical
Superstructures from Charged Poly(styrene)-Poly(isocyanodipeptide) Block Copolymers.
Science 1998, 280 (5368), 1427.
336. Lee, E.; Hammer, B.; Kim, J.-K.; Page, Z.; Emrick, T.; Hayward, R. C., Hierarchical
Helical Assembly of Conjugated Poly(3-hexylthiophene)-block-poly(3-triethylene glycol
thiophene) Diblock Copolymers. Journal of the American Chemical Society 2011, 133 (27),
10390-10393.
337. Krappe, U.; Stadler, R.; Voigt-Martin, I., Chiral Assembly in Amorphous ABC Triblock
Copolymers. Formation of a Helical Morphology in Polystyrene-block-polybutadiene-blockpoly(methyl methacrylate) Block Copolymers. Macromolecules 1995, 28 (13), 4558-4561.
338. Zhong, S.; Cui, H.; Chen, Z.; Wooley, K. L.; Pochan, D. J., Helix self-assembly through
the coiling of cylindrical micelles. Soft Matter 2008, 4 (1), 90-93.
339. Dupont, J.; Liu, G.; Niihara, K.-i.; Kimoto, R.; Jinnai, H., Self-Assembled ABC Triblock
Copolymer Double and Triple Helices. Angewandte Chemie International Edition 2009, 48 (33),
6144-6147.
340. Jinnai, H.; Kaneko, T.; Matsunaga, K.; Abetz, C.; Abetz, V., A double helical structure
formed from an amorphous, achiral ABC triblock terpolymer. Soft Matter 2009, 5 (10), 20422046.
341. Dou, H.; Liu, G.; Dupont, J.; Hong, L., Triblock terpolymer helices self-assembled under
special solvation conditions. Soft Matter 2010, 6 (17), 4214-4222.
342. Pino, P.; Lorenzi, G. P., Optically Active Vinyl Polymers. II. The Optical Activity of
Isotactic and Block Polymers of Optically Active α-Olefins in Dilute Hydrocarbon Solution.
Journal of the American Chemical Society 1960, 82 (17), 4745-4747.
343. Schwartz, E.; Koepf, M.; Kitto, H. J.; Nolte, R. J. M.; Rowan, A. E., Helical
poly(isocyanides): past, present and future. Polymer Chemistry 2011, 2 (1), 33-47.
344. Yashima, E.; Maeda, K.; Iida, H.; Furusho, Y.; Nagai, K., Helical Polymers: Synthesis,
Structures, and Functions. Chemical Reviews 2009, 109 (11), 6102-6211.
345. Sugiyasu, K.; Tamaru, S.-i.; Takeuchi, M.; Berthier, D.; Huc, I.; Oda, R.; Shinkai, S.,
Double helical silica fibrils by sol-gel transcription of chiral aggregates of gemini surfactants.
Chemical Communications 2002, (11), 1212-1213.
346. Jung, J. H.; Ono, Y.; Hanabusa, K.; Shinkai, S., Creation of Both Right-Handed and LeftHanded Silica Structures by Sol−Gel Transcription of Organogel Fibers Comprised of Chiral
Diaminocyclohexane Derivatives. Journal of the American Chemical Society 2000, 122 (20),
5008-5009.
347. Jung, J. H.; Yoshida, K.; Shimizu, T., Creation of Novel Double-Helical Silica Nanotubes
Using Binary Gel System. Langmuir 2002, 18 (23), 8724-8727.

228

348. Yang, Y.; Suzuki, M.; Owa, S.; Shirai, H.; Hanabusa, K., Control of helical silica
nanostructures using a chiral surfactant. Journal of Materials Chemistry 2006, 16 (17), 16441650.
349. Xu, H.; Wang, Y.; Ge, X.; Han, S.; Wang, S.; Zhou, P.; Shan, H.; Zhao, X.; Lu, J. R.,
Twisted Nanotubes Formed from Ultrashort Amphiphilic Peptide I3K and Their Templating for
the Fabrication of Silica Nanotubes. Chemistry of Materials 2010, 22 (18), 5165-5173.
350. Lin, Y.; Qiao, Y.; Gao, C.; Tang, P.; Liu, Y.; Li, Z.; Yan, Y.; Huang, J., Tunable OneDimensional Helical Nanostructures: From Supramolecular Self-Assemblies to Silica
Nanomaterials. Chemistry of Materials 2010, 22 (24), 6711-6717.
351. Che, S.; Liu, Z.; Ohsuna, T.; Sakamoto, K.; Terasaki, O.; Tatsumi, T., Synthesis and
characterization of chiral mesoporous silica. Nature 2004, 429 (6989), 281-284.
352. Wu, X.; Jin, H.; Liu, Z.; Ohsuna, T.; Terasaki, O.; Sakamoto, K.; Che, S., Racemic
Helical Mesoporous Silica Formation by Achiral Anionic Surfactant. Chemistry of Materials
2006, 18 (2), 241-243.
353. Chekini, M.; Guénée, L.; Marchionni, V.; Sharma, M.; Bürgi, T., Twisted and tubular
silica structures by anionic surfactant fibers encapsulation. Journal of Colloid and Interface
Science 2016, 477, 166-175.
354. Wan, X.; Pei, X.; Zhao, H.; Chen, Y.; Guo, Y.; Li, B.; Hanabusa, K.; Yang, Y., The
formation of helical mesoporous silica nanotubes. Nanotechnology 2008, 19 (31), 315602.
355. Qiu, H.; Che, S., Formation Mechanism of Achiral Amphiphile-Templated Helical
Mesoporous Silicas. The Journal of Physical Chemistry B 2008, 112 (34), 10466-10474.
356. Qiu, H.; Wang, S.; Zhang, W.; Sakamoto, K.; Terasaki, O.; Inoue, Y.; Che, S., Steric and
Temperature Control of Enantiopurity of Chiral Mesoporous Silica. The Journal of Physical
Chemistry C 2008, 112 (6), 1871-1877.
357. Wu, Y.; Cheng, G.; Katsov, K.; Sides, S. W.; Wang, J.; Tang, J.; Fredrickson, G. H.;
Moskovits, M.; Stucky, G. D., Composite mesostructures by nano-confinement. Nature
Materials 2004, 3 (11), 816-822.
358. Kim, E.-M.; Jung, J.-S.; Chae, W.-S., Interfacial interaction induced mesostructural
changes in nanocylinders. Chemical Communications 2010, 46 (10), 1760-1762.
359. Chae, W.-S.; Kim, E.-M.; Yu, H.; Jeon, S.; Jung, J.-S., Helix-Coiled Gold Nanowires for
Molecular Sensing. Journal of Nanoscience and Nanotechnology 2012, 12 (4), 3501-3505.
360. Wu, X.; Ji, S.; Li, Y.; Li, B.; Zhu, X.; Hanabusa, K.; Yang, Y., Helical Transfer through
Nonlocal Interactions. Journal of the American Chemical Society 2009, 131 (16), 5986-5993.
361. Yang, Y.; Suzuki, M.; Fukui, H.; Shirai, H.; Hanabusa, K., Preparation of Helical
Mesoporous Silica and Hybrid Silica Nanofibers Using Hydrogelator. Chemistry of Materials
2006, 18 (5), 1324-1329.
362. Chen, Y.; Li, B.; Wu, X.; Zhu, X.; Suzuki, M.; Hanabusa, K.; Yang, Y., Hybrid silica
nanotubes with chiral walls. Chemical Communications 2008, (40), 4948-4950.
363. Li, H.; Li, B.; Chen, Y.; Wu, X.; Zhang, J.; Li, Y.; Hanabusa, K.; Yang, Y., Transfer
helix and chirality to 1,4-phenylene silica nanostructures. Materials Chemistry and Physics 2009,
118 (1), 135-141.
364. Wang, L.; Li, Y.; Wang, H.; Zhang, M.; Chen, Y.; Li, B.; Yang, Y., Nanofabrication of
helical hybrid silica nanotubes using anionic gelators. Materials Chemistry and Physics 2010,
124 (1), 609-613.

229

365. Yi, L.; Hairui, W.; Liwen, W.; Feng, Z.; Yuanli, C.; Baozong, L.; Yonggang, Y.,
Handedness inversion in preparing chiral 4, 4 ' -biphenylene-silica nanostructures.
Nanotechnology 2011, 22 (13), 135605.
366. Sang, Y.; Guo, Y.; Wang, H.; Li, Y.; Li, B.; Yang, Y., Chirality of 4,4'-Biphenylene
Bridged Polybissilsesquioxane Nanotubes Using the Dipeptides Derived from Valine. Journal of
Nanoscience and Nanotechnology 2015, 15 (3), 2451-2455.
367. Wang, L.; Wang, H.; Li, Y.; Zhuang, W.; Zhu, Z.; Chen, Y.; Li, B.; Yang, Y., Formation
of Helical Organic-Inorganic Hybrid Silica Nanotubes Using a Chiral Anionic Gelator. Journal
of Nanoscience and Nanotechnology 2011, 11 (3), 2427-2432.
368. Li, H.; Li, B.; Chen, Y.; Zhang, M.; Wang, S.; Li, Y.; Yang, Y., Preparation of Chiral
4,4′-Biphenylene-silica Nanoribbons. Chinese Journal of Chemistry 2009, 27 (10), 1860-1862.
369. Wang, Y.; Xu, J.; Wang, Y.; Chen, H., Emerging chirality in nanoscience. Chemical
Society Reviews 2013, 42 (7), 2930-2962.
370. Maritan, A.; Micheletti, C.; Trovato, A.; Banavar, J. R., Optimal shapes of compact
strings. Nature 2000, 406, 287.
371. Snir, Y.; Kamien, R. D., Entropically Driven Helix Formation. Science 2005, 307 (5712),
1067.
372. Han, Y.; Zhao, L.; Ying, J. Y., Entropy-Driven Helical Mesostructure Formation with
Achiral Cationic Surfactant Templates. Advanced Materials 2007, 19 (18), 2454-2459.
373. Yang, S.; Zhao, L.; Yu, C.; Zhou, X.; Tang, J.; Yuan, P.; Chen, D.; Zhao, D., On the
Origin of Helical Mesostructures. Journal of the American Chemical Society 2006, 128 (32),
10460-10466.
374. Tsuda, A.; Alam, M. A.; Harada, T.; Yamaguchi, T.; Ishii, N.; Aida, T., Spectroscopic
Visualization of Vortex Flows Using Dye-Containing Nanofibers. Angewandte Chemie
International Edition 2007, 46 (43), 8198-8202.
375. Yang, Y.; Suzuki, M.; Kimura, M.; Shirai, H.; Hanabusa, K., Preparation of cotton-like
silica. Chemical Communications 2004, (11), 1332-1333.
376. Groen, B.; Foord, D.; Freitag, B.; de Haas, F.; Hubert, D.; Kubel, C.; Tang, D.; Storms,
M.; Voorhout, W., Tecnai Basic General Introduction. FEI Electron Optics B.V.: Eindhoven,
The Netherlands, 2002.
377. Ebnesajjad, S., Chapter 4 - Surface and Material Characterization Techniques. In Surface
Treatment of Materials for Adhesive Bonding (Second Edition), Ebnesajjad, S., Ed. William
Andrew Publishing: Oxford, 2014; pp 39-75.
378. Artioli, Y., Adsorption. In Encyclopedia of Ecology, Jørgensen, S. E.; Fath, B. D., Eds.
Elsevier: Amsterdam, 2008; Vol. 1, pp 60-65.
379. Thommes, M.; Kaneko, K.; Neimark Alexander, V.; Olivier James, P.; RodriguezReinoso, F.; Rouquerol, J.; Sing Kenneth, S. W., Physisorption of gases, with special reference
to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure and
Applied Chemistry 2015, 87 (9-10), 1051.
380. Kruk, M.; Jaroniec, M.; Sayari, A., Application of Large Pore MCM-41 Molecular Sieves
To Improve Pore Size Analysis Using Nitrogen Adsorption Measurements. Langmuir 1997, 13
(23), 6267-6273.
381. Brunauer, S.; Emmett, P. H.; Teller, E., Adsorption of Gases in Multimolecular Layers.
Journal of the American Chemical Society 1938, 60 (2), 309-319.

230

382. Barrett, E. P.; Joyner, L. G.; Halenda, P. P., The Determination of Pore Volume and Area
Distributions in Porous Substances. I. Computations from Nitrogen Isotherms. Journal of the
American Chemical Society 1951, 73 (1), 373-380.
383. Kruk, M.; Jaroniec, M.; Ryoo, R.; Man Kim, J., Monitoring of the structure of siliceous
mesoporous molecular sieves tailored using different synthesis conditions. Microporous
Materials 1997, 12 (1), 93-106.
384. Kruk, M.; Jaroniec, M.; Sayari, A., Relations between Pore Structure Parameters and
Their Implications for Characterization of MCM-41 Using Gas Adsorption and X-ray
Diffraction. Chemistry of Materials 1999, 11 (2), 492-500.
385. Zienkiewicz-Strzałka, M.; Skibińska, M.; Pikus, S., Small-angle X-ray scattering (SAXS)
studies of the structure of mesoporous silicas. Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms 2017, 411, 72-77.
386. Kratky, O., A Survey. In Small angle x-ray scattering, Kratky, O.; Glatter, O., Eds.
Academic Press: London ; New York, 1982; pp 3-13.
387. Ida, T., Small-angle X-ray scattering. In Nanoparticle Technology Handbook, Hosokawa,
M.; Yokoyama, T.; Naito, M.; Nogi, K.; Yokoyama, T., Eds. Elsevier Science & Technology:
Amsterdam, NETHERLANDS, 2007; pp 272-274.
388. Porod, G., General Theory. In Small angle x-ray scattering, Kratky, O.; Glatter, O., Eds.
Academic Press: London ; New York, 1982; pp 17-51.
389. Raghunathan, V., Small angle X-ray scattering: Going beyond the bragg peaks.
Resonance 2005, 10 (6), 24-34.
390. Kratky, O., Instrumentation: Experimental technique, slit collimation. In Small angle xray scattering, Kratky, O.; Glatter, O., Eds. Academic Press: London ; New York, 1982; pp
53-84.
391. Huang, L.; Kruk, M., Synthesis of ultra-large-pore FDU-12 silica using ethylbenzene as
micelle expander. Journal of Colloid and Interface Science 2012, 365 (1), 137-142.
392. Huang, L.; Yan, X.; Kruk, M., Synthesis of Ultralarge-Pore FDU-12 Silica with FaceCentered Cubic Structure. Langmuir 2010, 26 (18), 14871-14878.
393. Ma, G.; Yan, X.; Li, Y.; Xiao, L.; Huang, Z.; Lu, Y.; Fan, J., Ordered Nanoporous Silica
with Periodic 30−60 nm Pores as an Effective Support for Gold Nanoparticle Catalysts with
Enhanced Lifetime. Journal of the American Chemical Society 2010, 132 (28), 9596-9597.
394. Ke, F.; Yi, J.; Zhang, S.; Zhou, S.; Ravikovitch, P. I.; Kruk, M., Structures and
dimensions of micelle-templated nanoporous silicas derived from swollen spherical micelles of
temperature-dependent size. Journal of Colloid and Interface Science 2019, 544, 312-320.
395. Kim, S. S.; Karkamkar, A.; Pinnavaia, T. J.; Kruk, M.; Jaroniec, M., Synthesis and
Characterization of Ordered, Very Large Pore MSU-H Silicas Assembled from Water-Soluble
Silicates. The Journal of Physical Chemistry B 2001, 105 (32), 7663-7670.
396. Beaton, L.; Zhang, S.; Kruk, M., Formation of double-helical structures by silica
nanotubes templated by mixtures of common nonionic surfactants in aqueous solutions. ACS
Nano 2021, 15 (1), 1016-1029.
397. Michalska-Domańska, M.; Norek, M.; Stępniowski, W. J.; Budner, B., Fabrication of
high quality anodic aluminum oxide (AAO) on low purity aluminum—A comparative study with
the AAO produced on high purity aluminum. Electrochimica Acta 2013, 105, 424-432.

231

